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The fate and transport of transition metals is of great interest because of metal toxicity 
and bioavailability. The growth of all organisms is dependent on the acquisition of 
essential metals. However, at higher concentrations heavy metals can inhibit the 
normal functioning of cells. Overall physiological effects of metals on biological 
systems are determined by metal speciation, not by their total concentration. 
Environmental fate and speciation of metals are influenced by interdependent 
biogeochemical variables such as pH, adsorption, complexation and biological 
interactions. 
 
Biofilms can generate three-dimensional physicochemical gradients that create 
microenvironments where local conditions are substantially different from those in the 
surrounding medium. The use of functional tomographic imaging microscopy of 
ratiometric core-shell silica nanoparticle sensors was shown to be an effective tool to 
study the spatial and temporal evolution of pH microenvironments in Escherichia coli 
PHL628 and mixed-culture wastewater biofilms.  
 
Curli are amyloid extracellular fibers expressed by E. coli and other bacterial species. 
The role of curli in the tolerance of E. coli PHL628 to Hg(II) was examined. Curli-
producing strains proved to be more resistant than a curli-deficient mutant to Hg(II). 
Higher fluorescence was measured in a curli-deficient mutant than in the wild type 
following an addition of Hg(II) to cells harboring the merR-gfp reporter. Measurement 
of Hg(II) adsorption kinetics revealed that curli increases the rate and extent of Hg(II) 
adsorption. These findings indicate that curli sorb Hg(II) and reduce the amount of 
Hg(II) that reaches the cytoplasm.  
Microarray analysis of E. coli MG1655 cells grown in Hg(II) revealed upregulation of 
genes for arginine biosynthesis and transport. Increased resistance of E. coli to Hg(II) 
was not observed when the medium was supplemented with arginine. Induction of 
transcription of an arginine transport gene, artJ, by Hg(II) was confirmed with an artJ-
lux reporter and exposure of this bioreporter to Zn(II) and Cd(II) revealed that these 
metals also induce the transcription of artJ. Furthermore, a merR-gfp bioreporter 
showed that arginine supplementation did not alter Hg uptake. These results indicate 
that group 12(IB) elements may act to induce the transport of arginine, but that 
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It is a well documented phenomenon that the bioavailability and toxicity of heavy 
metals is determined by the chemical species of the metal that is present and not by its 
total concentration (2, 5). The environmental fate and speciation of metals are 
influenced by interdependent biogeochemical variables such as pH, adsorption, 
complexation, redox potential and biological interactions (2, 3). The general goal of 
my work has been to provide some insight into the interactions between toxic metal 
speciation, gene regulation in bacteria and the chemical characteristics of the aqueous 
phase they inhabit. This dissertation describes the specific efforts conducted towards 
visualizing the development of pH gradients in bacterial biofilms, adsorption of Hg(II) 
by bacterial curli and the relationship between the presence of Hg(II) in solution and 
differential regulation of gene expression. 
   
It has been demonstrated that the vast majority (99%) of bacteria in natural habitats 
aggregate as biofilms (1, 4). These are attached microbial communities that are 
entrapped in a self-produced matrix of extracellular polymeric substances, and whose 
abundance impacts our society in both detrimental and beneficial ways. One of the 
main characteristics of biofilms is that they can generate three-dimensional 
physicochemical gradients that can create microenvironments where local conditions 
are substantially different from those just a few micrometers away. Therefore, the 
development of better tools for the quantitative understanding of biofilms and the 




Chapter two of this dissertation details research conducted with the purpose of 
studying the morphology and temporal evolution of pH microenvironments in 
Escherichia coli PHL628 and mixed-culture wastewater biofilms. pH is considered to 
be a master variable controlling trace metal speciation. For this research a novel 
methodology was developed that uses three-dimensional imaging, via confocal 
fluorescence microscopy of ratiometric core-shell silica nanoparticle sensors. This 
study demonstrated that the combination of 3D functional fluorescence imaging with 
pH sensors provides a powerful tool for in situ characterization of chemical 
microenvironments in complex biofilms.   
 
Bacteria may cope with heavy metal stress by actively exporting metal cations from 
the cytoplasm. There are several types of export mechanisms currently known to carry 
on this efflux; however, other less understood mechanisms of metal tolerance are 
likely to exist. In the third chapter of this dissertation I describe the research conducted 
to demonstrate that curli, amyloid extracellular fibers produced by E. coli and other 
bacterial species, temporarily reduce the concentration of Hg(II) that reaches the 
cytoplasm and, as a result, provide protection to the cell from Hg(II) stress.  In 
addition the upregulation of curli biosynthesis genes in the presence of Hg was 
evaluated as a part of this project.   
 
In the fourth thesis chapter I present research that was conducted with the objective of 
enhancing our understanding of bacterial response to Hg(II) stress. For this work, E. 
coli cultures were grown in a defined glucose minimal medium with and without 
Hg(II) and RNA from the cell suspensions was extracted. Microarray analysis 
revealed that transcription of arginine biosynthesis and transport genes were induced 
in the presence of Hg(II). Supplementation of the medium with arginine did not 
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demonstrate increased resistance to Hg(II) toxicity. Upregulation of artJ, a gene that 
encodes a periplasmic arginine importer, was confirmed with an artJ-lux reporter. 
Furthermore, an increase in the specific luminescence signal was observed upon 
exposure of the reporter to Zn(II) and Cd(II). A mer-gfp bioreporter for intracellular 
Hg(II) showed that arginine supplementation did not alter Hg(II) uptake. The main 
conclusion of this work is that group 12(IB) elements may act to induce the transport 
of arginine, but arginine availability does not alleviate their toxic effects.            
  
The fifth and final chapter of this dissertation includes general conclusions from each 
of the above research projects. It also contains recommendations for future research. 
Additionally there are two appendices located at the end of the dissertation. The first 
appendix includes preliminary research conducted to elucidate how cysteine alters 
Hg(II) toxicity to and uptake by E. coli bacteria. The second appendix contains the 
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FUNCTIONAL TOMOGRAPHIC FLUORESCENCE IMAGING OF pH 






Attached bacterial communities can generate three-dimensional (3D) physicochemical 
gradients that create microenvironments where local conditions are substantially 
different from those in the surrounding solution.  Given their ubiquity in nature and 
their impacts on issues ranging from water quality to human health, better tools for 
understanding biofilms and the gradients they create are needed. Here we demonstrate 
the use of functional tomographic imaging via confocal fluorescence microscopy of 
ratiometric core-shell silica nanoparticle sensors (C dot sensors) to study the 
morphology and temporal evolution of pH microenvironments in axenic Escherichia 
coli PHL628 and mixed-culture wastewater biofilms. Testing of 70-, 30-, and 10-nm-
diameter sensor particles reveals a critical size for homogeneous biofilm staining, with 
only the 10-nm-diameter particles capable of successfully generating high-resolution 
maps of biofilm pH and distinct local heterogeneities. Our measurements revealed pH 
values that ranged from 5 to >7, confirming the heterogeneity of the pH profiles 
within these biofilms. pH was also analyzed following glucose addition to both 
suspended and attached cultures. In both cases, the pH became more acidic, likely due 
to glucose metabolism causing the release of tricarboxylic acid cycle acids and CO2. 
                                                 
1
 The contents of this chapter were published in Applied and Environmental Microbiology with 
coauthors Andrew Burns, Erik Herz, Anthony G. Hay, Paul L. Houston, Ulrich Wiesner and Leonard 
W. Lion.  This material is reproduced with permission from Applied and Environmental Microbiology. 
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These studies demonstrate that the combination of 3D functional fluorescence imaging 
with well-designed nanoparticle sensors provides a powerful tool for in situ 




Biofilms are collections of surface-attached microbes entrapped in a self-produced 
matrix of extracellular polymeric substances anchored to a surface (17). Their growth 
is characterized by complex three-dimensional structures including channels, voids, 
towers and mushroom-like protrusions (9). They are common both in biological 
systems as well as in near-surface fluid rock systems and may occupy a significant 
portion of the surface area exposed to fluids in many natural environments including 
fresh and saline surface waters, ground waters, deep-sea hydrothermal systems and 
deep sedimentary basins (41, 51). The ubiquity of biofilms has a variety of important 
implications for modern society. Industrially, biofilms are used in a wide array of 
engineered systems including treatment of wastewater and hazardous waste, 
contaminated soils and oil spills (43). Conversely, biofilms can also contaminate water 
distribution systems, foul the hulls of ships and promote corrosion (30). Medically, 
biofilms have been implicated in infections in lungs and chronic wounds as well as in 
catheters and implants, in cystic fibrosis, tuberculosis, and in dental caries and 
periodontal diseases (12, 17).  
 
One prominent characteristic of biofilms is the development of three-dimensional 
chemical gradients, from the diffusion of nutrients, metabolic products, and signaling 
molecules throughout the film. These gradients create microenvironments in which the 
local physicochemical properties may differ substantially from those in the 
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surrounding solution (48). This gradation of conditions allows, for example, anaerobic 
bacteria to flourish within biofilms that are growing in an otherwise aerobic 
environment (23, 36). Another example of the effects of biofilm-generated chemical 
gradients is dental caries. Following sugar consumption, the pH within a dental plaque 
biofilm drops dramatically (<5.5) while the pH of the overlying saliva remains near 
neutral.  This acidification leads to demineralization of the tooth enamel and 
ultimately caries (33, 34). 
 
Several techniques have been applied to analyzing pH gradients in biofilms, each with 
its own benefits and limitations. Most recently, Beveridge and Hunter (22) used 
seminaphtorhodafluor-4F 5-(and -6) carboxylic acid (C-SNARF-4), a ratiometric 
fluorescent dye to measure pH microenvironments in Pseudomonas aeruginosa 
biofilms and observed pH values that ranged from 5.6 to 7.0. This method minimizes 
perturbations to the biofilm and its spatial resolution is limited only by that of the 
microscope in use. Unfortunately, free sensor dyes have been demonstrated to interact 
with biofilm components, potentially altering their sensitivities and perturbing the 
resulting images (22). Further, the penetration of any molecular or nanometer-sized 
probe into the biofilm can be limited by the decreased diffusion rates within the dense 
microcolony environment (55). Finally, like all free dye molecules, brightness and 
photostability are limited, and photoexcitation can cause cellular toxicity (4). 
Microelectrode-based techniques have also been used on a large variety of biological 
systems (27, 42, 49) but the spatial resolution of microelectrode-based techniques is 
limited by the tip size and the insertion of the microelectrode into the biofilm 
inherently perturbs the local surroundings. Each data point obtained with a 
microsensor is a single measurement integrated over a spatial volume covering 
approximately twice the tip diameter (14), which limits the ultimate spatial resolution 
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of the sensors. In addition, a systematic study of a common microelectrode system 
revealed highly variable accuracy and precision between different electrodes (29). 
 
Finally, fluorescence lifetime imaging (FLIM) can be used to measure chemical 
concentration through the use of appropriate dye molecules. By imaging a sample with 
a pulsed laser and analyzing the decay rate of the dyes in the sample as they fluoresce, 
Vroom et al (55) were able to measure pH in a mixed culture of oral bacteria. One 
hour after the biofilms were exposed to 14 mM sucrose, pH was measured throughout 
the biofilm and values ranged from 7.0 to 5.5 were observed. This technique provides 
great definition and tissue penetration; however, the equipment needed to perform 
FLIM includes fast detectors and electronics capable of differentiating nanosecond 
emissions in addition to a pulsed laser excitation source and are not universally 
available. Detailed reviews on this method may be found elsewhere (2, 6). 
 
We implemented three-dimensional (tomographic) fluorescence imaging with 
ratiometric silica nanoparticle sensors to study the morphology and temporal evolution 
of pH microenvironments in Escherichia coli PHL628 and mixed-culture wastewater 
biofilms. Because of the diversity of structure and environments, functional 
tomographic imaging is of particular interest for investigating biofilms in their native 
state. Tomographic imaging techniques, such as optical coherence tomography (58), 
soft X-ray microscopy (25) and confocal fluorescence microscopy (38) enable high 
resolution structural reconstructions with minimal perturbation to the biofilm. We 
have chosen the spatial variation of pH within microbial biofilms to test tomographic 
imaging via confocal fluorescence microscopy as it is an exciting area of research 
relevant to both the industrial and clinical impacts of biofilms. From a clinical 
standpoint, non-uniform pH profiles in biofilm infections are important because the 
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degree of physiological heterogeneity, marked by the establishment of nutrient, 
dissolved gas and pH gradients, increases with time and is positively correlated with 
the development of drug resistance (15). Furthermore, it has been well established that 
the susceptibilities of bacterial cells towards antibiotics and biocides are profoundly 
affected, among other factors, by their pH (15). The recent emergence of antibiotic-
resistant pathogenic bacteria makes this a topic of great interest (11, 15, 17). 
 
We employed ratiometric core-shell silica nanoparticle sensors, referred to as C Dot 
sensors (5), in order to overcome the limitations of free ratiometric sensor dyes. As 
shown schematically in Figure 1a, incorporating green-emitting, pH-sensitive dye 
molecules (Fluorescein) in a thin silica shell surrounding a core rich in red-emitting, 
pH-insensitive dye molecules (Cy5) (5), permits ratiometric quantification of the local 
pH by comparison of sensor and reference dye emission intensities (Figure 1b). This 
internally-standardized design allows the analyte concentration to be measured 
independent of changes in the sensor concentration, unlike single-color sensor imaging 
which can only give a qualitative description of the local environment (8, 16, 26). 
Further, the covalent incorporation of dyes into a core-shell silica matrix significantly 
enhances both dye brightness and photostability through increases in the radiative and 
decreases in the non-radiative fluorescence rates (31). Finally, silica is a highly 
biocompatible and easily functionalized material for diverse biological applications (4, 
19, 7). As is demonstrated below, however, only if the C dot sensors are kept below a 
critical particle size is homogeneous biofilm staining possible. This discovery enabled, 
to the best of our knowledge, the first functional volumetric imaging of pH in 










Figure 1. Sensor schematic and calibration. (a) Schematic diagram showing the 
core/shell architecture of a C dot sensor that highlights the reference dye (Cy5) 
sequestered in the core and coated by a sensor dye shell (fluorescein). (b) Peak 
fluorescein emission collected for solutions of known pH value from 4.5 to 9.0. The 
figure also shows the molecular structure of the dye in its di-anionic charge state 
where it exhibits a quantum yield of approximately 93% and in its monoanionic state 










Materials and Methods 
 
C Dot Sensors  
C dot sensors with 70, 30 and 10 nm diameters were grown via modified Stöber silica 
nanoparticle syntheses (31, 50). Amination was performed using 3-aminopropyl 
triethoxysilane (APTS) as a surface-silanizing agent. The 10 nm diameter bare silica 
particles, which were ultimately used for all of the functional three-dimensional 
reconstructions shown here, consist of a particle core covalently incorporating Cy5 as 
an environmentally insensitive reference dye via coupling to a reactive silane, 
surrounded by a shell covalently incorporating fluorescein dye (FITC) through 
coupling to a reactive silane. FITC was chosen for its pKa of 6.4, which is within the 
range of interest for this biological system. At high pH (9 and above), FITC exists in 
the dianionic charge state and exhibits a quantum yield of approximately 93%, while 
at low pH (4.5 and below) the dye is protonated to the monoanion state with a 
quantum yield of approximately 37% (Figure 1b) (18). Cy5 has a quantum yield that is 
constant within this pH range making it an ideal internal standard. Additional 
information on the synthesis and characteristics of these particles may be found 
elsewhere (4, 5, 31). All supplementary information and figures referred to in this 
chapter are included in the Appendix 2. 
 
Culture and media 
E. coli PHL628, an adherent K-12 MG1655 derivative was used as the test bacterium 
for the pure-culture experiments. This strain has a mutation in the ompR gene that 
results in an overproduction of curli; thin fibrillar pili at the surface of the cells that 
allow the bacteria to adhere and form sessile communities (54). The cultures were 
grown in a solution of 1 part Luria-Bertani (LB) medium (which contained, per liter, 
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10 g NaCl, 10 g tryptone and 5 g yeast extract) and 2 parts water and which was 
sterilized by autoclaving at 121ºC before use. All experiments performed with E. coli 
PHL628 were supplemented with kanamycin (50 mg/L). Suspended cultures were 
grown at 37ºC with rotary shaking at 150 rpm. Attached cultures were grown in 35 
mm Petri dishes with an untreated 14 mm Microwell No. 1.5 coverglass at  the bottom 
surface (MatTek, Ashland, MA). After inoculation, the cells were kept at 30ºC with 
rotary shaking at 30 rpm. Every 48 hours the media was discarded and fresh media 
was added. Biofilms were grown for a period of 7 to 8 days. Approximately 9 hours 
prior to imaging, the C dot sensors were added (to a concentration of 50 nM) and the 
cultures were continuously stirred for 4 hours. 5 hours prior to imaging the biofilms 
were washed twice to remove unbound dots and fresh media was added. 
 
The mixed-culture seed (potentially containing archaea and eukaryotic 
microorganisms e.g. fungi and protozoans, in addition to bacteria) (24) came from a 
municipal wastewater treatment facility in Ithaca, NY. Biofilms and suspended 




To investigate the biocompatibility and potential toxicity of the core-shell silica 
nanoparticles, 10 nm diameter sensor particles and dye-free nanoparticles of the same 
size were added to diluted LB medium at varying concentrations representative of 
biofilm growth conditions (18-50 nM). The solutions were then inoculated at 1% 
volume with either E. coli PHL628 cultures or mixed wastewater cultures. 200 µL 
aliquots of the cultures were placed in sterile, clear 96-well plates and optical density 
(OD) at 600 nm was recorded until stationary phase was reached. OD was measured 
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using a Biotek multi-detection microplate reader equipped with Synergy HT and KC4 
software. The microplate reader maintained the cultures at 37ºC with shaking prior to 
each measurement, which were performed at 20 minute intervals. Each condition was 
analyzed in triplicate. Sterile controls both with and without particles were also 
analyzed. Reported ODs correspond to the absorbance measured from the bottom of 
each well through approximately 3 mm of medium; therefore, OD numbers are not 
comparable to standard OD measurements with 1 cm path-length cuvettes. 
 
pH analysis in suspended cultures 
A calibration curve for C dot sensors was generated by mixing the dots with a series of 
pH-adjusted phosphate buffered saline solutions (pH 4.0 to pH 8.0) and measuring 
sensor (green) and reference (red) emission spectra upon excitation at 488 and 633 
nm, respectively, on a PTI spectrofluorometer (Supp. Fig. 3a-b, respectively). For each 
measurement, the peak intensity ratio (Fi = IFITC / ICy5, Supp. Fig. 3c) was plotted 
versus pH and analyzed by a modified Henderson-Hasselbalch equation (Eq. 1) where 
Fmin and Fmax are the extreme values of Fi at low and high pH, respectively, to 
determine the pKa and generate a calibration curve (Supp. Fig. 3d). 
 
 
                                                     log 
                                    Eq. 1 
 
100 mL of overnight cultures of E. coli PHL628 grown in 1/3 LB were spiked with a 
concentrated glucose solution to achieve final concentrations of 90 mM glucose or an 
equal volume of distilled water (control). For the following 12 hours, 700 µL aliquots 
were retrieved from the spiked flask as well as the 0 mM glucose control and placed in 
cuvettes where the suspensions were mixed with C dots to a concentration of 180 nM. 
Fluorescence in the green and red channel was recorded at the excitation and emission 
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wavelengths described above. pH was simultaneously recorded with a UP-10 Denver 
Instrument pH meter. The experiment was simultaneously performed with the mixed 
wastewater culture. Next, the relationship obtained from the calibration curve (r2= 
0.99) was used to calculate the pH of the cell suspensions. 
 
Imaging 
All biofilm images were collected using a Leica TCS-SP2 Confocal Laser Scanning 
Microscope (CLSM) equipped with Argon ion and Helium-Neon lasers. A 40x 0.8 NA 
water immersion objective was used for all imaging. 512 x 512 pixel TIF images were 
collected at 12-bit color depth in xy mode. Image stacks were generated by sequential 
imagining in 1 µm steps through the biofilm.  
 
To determine the spatial distribution of pH microenvironments within the biofilms, 
both E. coli PHL628 and mixed-culture films were grown and mixed with the sensors 
as described above. The samples were maintained at room temperature and under 
constant shaking at 30 rpm until imaging. The biofilms were concurrently imaged 
using transmitted light and fluorescence with excitation at 488 and 633 nm and 
appropriate emission filter settings. Particle-free biofilms were similarly imaged to 
control for background fluorescence. In order to record pH variations in biofilms 
following a glucose spike, an initial series of images was taken as a baseline, followed 
by a glucose addition that resulted in a final concentration equal to that used for the 
suspended cultures (90 mM). The same field was imaged every 30 minutes for the 
next 1.5 hours. For calibration purposes aliquots of phosphate-buffered saline 






Example analysis routines are included in the supplemental information as MATLAB 
code. Briefly, all image files were loaded into MATLAB 7.4.0 using the imread 
command and background-corrected based on average background images taken at 
each image setting. For the calibrations, replicates in each channel, at each pH, were 
median filtered (to remove noise) and averaged prior to pixel-wise division of the 
green (sensor channel) by the red (reference) channel to determine Fi (IFITC/ICy5). The 
mean and standard deviation of this ratio were calculated across each image and used 
as the Fi values in the modified Henderson-Hasselbalch equation (Eq. 1). 
 
For the biofilm images, each sensor and reference channel image was pixel-wise 
divided to generate Fi values throughout the imaging field and the pH was calculated 
at each point which contained sufficient reference intensity to be considered above 
background. The 512x512 arrays of pH values were scaled for output as 8-bit 
grayscale TIFs from MATLAB in the order that they were read-in and appended with 
a pH scale bar. The images were then imported into Osirix DICOM image processing 
software (44). Originally designed for MRI, CT and PET image analysis, the software 
creates three-dimensional tomographs from two-dimensional image stacks in a variety 
of false spectrum colors and allows for manipulation of the data and export to still 









C-dot sensor distribution and toxicity 
We assayed biofilms with C dot sensors of varying diameters: 70, 30 and 10 nm and 
both positively charged (aminated) and negatively charged (bare silica) surfaces. The 
amination process screened the local pH effects on the particle making sensing 
difficult and thus was not pursued further. 
 
For 70 and 30 nm diameter bare silica sensors, the particles distributed sparsely and 
heterogeneously in the biofilms and a majority of the beads were removed during the 
wash steps. Furthermore, upon imaging, the biofilm did not overlay with the C dots, 
rather, those dots that remained agglomerated in clusters separate from the bacteria 
(data not shown). Only when using the smallest, 10 nm diameter bare C dots sensors 
were we able to reproducibly achieve high and homogeneous biofilm incorporation. 
The following experiments were all performed with the bare 10 nm particles. 
 
Measurements to determine the kinetics of the integration of the particles into the 
matrix were not performed. The dots were assumed to be able to diffuse into the 
biofilm and anchor to cells or EPS in the 4 hours provided between the C dot sensor 
addition and the wash that eliminated unbound dots. It is reasonable to assume that an 
active equilibrium was reached within this period of time and that some of the 
particles may have been detaching and reattaching during and after the wash. 
However, the fact that the particles may not all have been completely immobilized 
was not considered an issue of concern because, as mentioned earlier, each C dot 
sensor has its own internal reference. This implies that each measurement is an 
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individual determination of the pH in the surroundings of the particle, regardless of the 
state of the attachment. 
 
The growth curves presented in Figure 2a reveal that the bacterial growth is not 
affected by the introduction of 10 nm C dot sensor particles or dye-free silica 
nanoparticles of similar size. The OD reached after 18 hours of growth was, on 
average, 0.33 for the E.coli PHL628 culture and 0.46 for the wastewater culture, with 
minimal effect of particle type (Figure 2a) or concentration (Suppl. Fig. 2). The OD of 
sterile controls remained constant at approximately 0.0 OD. 
 
pH measurement in suspended cultures 
The pH profiles after glucose addition to E. coli PHL628 cultures and to mixed 
community wastewater cultures are shown in Figure 2b-c and 2d-e, respectively. The 
pH was tracked both with C dots (Fig. 2b, d) and with a pH meter (Fig. 2c, e). For 
these samples, the trends in pH as measured over time using C dot sensors and a pH 
meter are comparable. Naturally, one would expect a pH electrode to provide 
measurements that are less noisy but also with less spatial localization. Conversely, 
when using C dots for biofilm pH measurements the values are averaged over much 
smaller volumes, such that each pixel has a specific spatial location and is assigned a 
pH value. Hence, anywhere a fluorescent bead may be present within a biofilm, i.e. 
attached to a cell or to EPS or floating inside a pore, the pH corresponding to that 
location may be quantified. This explains how, within a biofilm, pH 
microenvironments may be observed with this technique. These results validate our 







Figure 2. C Dot Sensor Biocompatibility, Solution pH measurements and calibrations. 
(a) OD at 600 nm for E. coli PHL628 (middle curves, shown in blue), mixed 
wastewater culture (top curves, shown in red) and sterile controls (along x-axis, black) 
versus time, under normal growth conditions (○), and in the presence of 50 nM C dot 
sensors (▼) or 50 nM pure silica nanoparticles of the same size (). (b-e) pH versus 
time after glucose introduction as measured by silica nanoparticle sensors (b,d) and pH 
meter (c,e) in planktonic E. coli (b,c) and wastewater culture (d,e) suspensions. Square 
and triangle symbols indicate glucose additions of 0 or 90 mM respectively. (f,g) pH 
calibration graphs for E. coli biofilm imaging, (f) (R2 = 0.99) and wastewater mixed-
culture biofilm imaging, (g) (R2 = 0.99) based on pixel-wise image analysis of 






Figures 2b and c show that the pH of a suspended E. coli PHL628 culture after glucose 
addition dropped from 7.0 to near 5.5, over ~400 minutes. Over the course of the 
experiment, the pH did not return to neutral values. We do not believe this 
acidification to be the result of fermentation, because the cultures were stirred 
continuously to maintain aerobic conditions. 
 
As shown in Figures 2d and e, the decrease in pH in the 90 mM glucose-exposed 
mixed-culture over the course of the experiment was minimal. This difference, relative 
to the behavior of the E. coli culture, is reasonable given that glucose is the primary 
energy source for this enteric bacterium which constitutively expresses the necessary 
enzymes for glucose metabolism (40). Therefore in E. coli, catabolism can begin 
immediately upon glucose exposure leading to a pH drop as metabolites accumulate in 
solution. The mixed wastewater culture, however, includes a wide variety of 
microorganisms, some of which are unable to consume glucose and others that must 
undergo an induction process to metabolize glucose, resulting in a pH drop that is both 
of a smaller magnitude and delayed. 
 
 
Functional Three-dimensional Tomographic Imaging 
In Figure 2f and g we show the image-based pH calibration graphs for the (f) E. coli 
PHL628 biofilm (R2 = 0.99) and (g) wastewater biofilm (R2 = 0.99) image settings as 
calculated by the modified Henderson-Hasselbalch equation shown previously (Eq. 1) 
where Fi = IFITC / ICy5, and Fmin and Fmax are the extreme values of Fi at low and high 
pH, respectively. Fmin, Fmax and Fi were calculated by pixel-wise analysis of confocal 
microscopy images of C dot sensors suspended in calibration buffers of varying pH as 
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described in the methods section. Based on these calibration curves, we were able to 
accurately determine pH from 5.0 to 8.0, which covers the physiological range of this 
system. The two bacterial systems were analyzed on separate occasions, and thus were 
analyzed based on different calibration curves to correct for differences in 488 and 633 




Figures 3a and b show, respectively, the green (sensor dye) channel and the red 
(reference dye) channel confocal images of a typical live, hydrated E. coli PHL628 
biofilm at a focal plane 90 µm from the attachment substratum. Figure 3c depicts the 
sensor and reference images merged with a brightfield image of the biofilm, 
demonstrating the incorporation of the particles within the film. The greater depth of 
field of the brightfield image shows the structure of the film above and below the 
confocal image plane, which accounts for the apparent mismatch of the fluorescence 
and brightfield images. Vertical scanning of the sample results in registry of particle 
fluorescence with the brightfield images of the biofilm over the full z-range of 














Figure 3. E. coli Confocal and Tomographic pH Imaging. (a), Green and (b), red 
channel confocal images of a typical live, hydrated E. coli PHL628 biofilm at a focal 
plane 90 µm from the substratum. (c) Sensor and reference images superimposed on a 
brightfield image of the biofilm, showing the co-localization of the particles in the 
film. The pH was analyzed ratiometrically based on the sensor and reference images 
and is expressed as a false spectrum (red-yellow) in (d) overlaid on the brightfield 
image, with the pH scale shown at the right in the image. (e) Top-down and, (f) side 
volumetric projections (smooth opacity, OsiriX) of the reconstructed biofilm pH map 
show the local variation of pH from the neutral outside surface of the film to the acidic 




The pH was analyzed ratiometrically based on the sensor and reference images and is 
expressed in pseudocolor (red-yellow) in Figure 3d overlaid on the brightfield image. 
The pH scale is shown on the right of the image. Specifically, the pH within the core 
of the biofilm is low (red) and increases (orange/yellow) towards the periphery of the 
film, potentially due to low diffusion rates of acidic metabolites into solution or the 
accumulation of fermentation products in oxygen-limited portions of the biofilm. This 
region of the biofilm was imaged from the attachment substratum up through a depth 
of 160 µm in 1 µm steps, and volumetrically reconstructed to show the biofilm 
morphology as well as the pH gradients and microenvironments in the x, y and z 
directions. Top and side maximum projections are presented in Figures 3e and f, 
respectively. The vertical gradient from low pH deep in the film to more neutral pH at 
the upper surface observed in the side-view (Figure 3f) correlates well with the in-
plane gradients seen in Figure 3d. 
 
 
It is worth pointing out that images 3c and 4a show the merged green and red channel 
images over the brightfield image, as viewed on the microscope. Because, when using 
C dots, the intensity of the red channel is constant and the green signal increases with 
pH, the images locally appear red, yellow and green, depending on the local intensity 
of sensor and reference emission. While these overlaid images provide a qualitative 
assessment of pH, the on-scope calibrations (Fig 2f, g) convert the green/red intensity 
ratio to pH for each pixel. This data is represented as the ratiometric pH maps (3d-f, 
4b-f, 5a-f and 6b-c) which use a false spectrum to represent the local pH, from red to 
yellow, as shown in the scale appended to each image or series. These false-color pH 
maps were generated with Osirix image processing software using a color look-up 
table. 
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Figures 4a and 4b depict the overlay and ratiometric pH images of a mixed-culture 
biofilm 77 µm from the substratum. The pH is more heterogeneous throughout this 
mixed-culture than the axenic one, both horizontally and vertically, as revealed by the 
variation in top- and side- maximum intensity projections in Figures 3e and 3f and 4c 
and 4d. Figures 4e and 4f show the distinct pH microenvironments in the three 
dimensional pH image of the mixed culture film by presenting projections of the full 
tomographic reconstruction (500x500x160 µm). Based on the morphological and 
chemical differences between micro-environments, it is likely that bacteria from 
different functional groups are coexisting and generating different metabolic by-
products.  
 
Investigating specific regions of interest by zooming into the full tomographic 
reconstructions and providing various views of the E. coli and the mixed-culture 
biofilms (Figure 5) demonstrates the power of nanoparticle sensor–enabled 3D 
functional imaging. Figures 5 a-c show in detail the low-to neutral pH gradient formed 
from the core of the biofilm to the periphery, as well as the fine structure with 
channels and voids of the E. coli film. Figures 5 d-f show the voids formed by the 
interpenetration of the low pH film components and the fibrous neutral regions as well 
as the different growth habits of the two including a mushroom-like protrusion in the 
mixed-culture biofilm. 
 
Figure 6a depicts the average pH versus time following a glucose injection (90mM) 
for E. coli PHL628 (red) and wastewater mixed culture (blue) biofilms. Figures 6b and 
6c show the corresponding confocal ratiometric pH images at t = 0 and 90 minutes, 
respectively, after the glucose addition to the E. coli PHL628 biofilm at a focal plane 
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Figure 4. Mixed-Culture Confocal and Tomographic pH Images. (a) Sensor and 
reference confocal images of a live, hydrated wastewater biofilm at a focal plane 77 
mm from the substratum superimposed on a brightfield image of the biofilm showing 
the colocalization of the particles in the film. The pH was analyzed ratiometrically 
based on the sensor and reference images and is expressed as a false spectrum (red-
yellow) in (b), and overlaid on the brightfield image, with the pH scale shown at the 
right in the image. Top-down, (c) and side, (d) maximum intensity projections of the 
biofilm. (e and f) off-axis, maximum intensity projections of the fully reconstructed 
biofilm pH map (500x500x160 µm) showing the considerable heterogeneity that exists 
within the mixed-culture film, where a web-like neutral environment exists within the 







Figure 5. Magnified views of regions of interest in E. coli and mixed-culture biofilms. 
(a) An off-axis maximum projection of the reconstructed E. coli PHL628 biofilm and 
pH map scale at left (pH 4.0-8.0, red-yellow). For images (a) and (d) a region of 
interest was defined by the white cube (160x160x160 µm). (b) and (c) are top and side 
views of the region of interest defined by the white cube in (a), showing the pH 
heterogeneities, as well as the local structure of the biofilm. (d) An off-axis volumetric 
(smooth table) projection of the reconstructed wastewater mixed-culture biofilm and 
pH map scale at left (pH 4.0-8.0, red-yellow). (e) and (f), top and side views of cube 
shown in (d) showing the pH heterogeneities, as well as the local structure of the 





The E. coli biofilm pH drops sharply from 6.3 to 5.2 in the first 30 minutes and then 
remains constant for the remainder of the experiment. The wastewater biofilm follows 
a similar trend, though the magnitude of the pH change is lower (plateau value at 5.6 
at 90 minutes, images in Supplementary Information). This result is similar to the 
behavior observed in the suspended cultures, though the kinetics are much faster in the 
biofilms. The increased rate of pH change in the biofilm is most likely due to the fact 
that diffusion is hindered in the biofilm as compared to the stirred suspensions, 





Figure 6. Time-resolved in situ pH measurements in biofilms. (a), average pH versus 
time post injection of 90 mM glucose to biofilms to E. coli PHL628 (in red, mean +/- 
s.d., n = 3) and mixed wastewater culture (in blue, mean +/- s.d. n = 6). Values are 
significantly different from t = 30 minutes onward, Mann-Whitney U, one-tailed test, 
p = 0.011. (b)-(c), Imaging of C dots within an E. coli PHL628 biofilm corresponding 
to the initial, (b), and final, (c), timepoints of the graph in (a) (color scale corresponds 
to pH values from 4 to 8). 
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All of the biofilm imaging experiments were performed without shaking or perfusion 
in order to maintain a stable field of view over the course of the experiment. 
Therefore, the rate of oxygen diffusion was low and anoxic zones may have developed 
within the biofilms. So, in contrast to the planktonic cultures (Figures 2b-e), it is 
possible that the drop in pH observed in the biofilms (Figure 6a) is the combined result 
of limited diffusion and different metabolic processes, i.e. aerobic and anaerobic 
respiration and fermentation. In the case of the wastewater culture biofilm, the 
presence of glucose fermentors (such as other species of enteric bacteria, Clostridium, 





In nanobiotechnology, tools of nanotechnology are used to study biology and in 
particular to further the goals of biotechnology. Over the past two decades, fueled by 
the discovery of fluorescent semiconductor nanocrystals, an explosion has taken place 
in the development of fluorescent nanoparticles and nanoparticle systems for imaging, 
sensing and diagnostic purposes (35, 39). Concurrently, microscale heterogeneities in 
biofilms, in particular sucrose-induced pH gradients in dental caries have been the 
subject of much research (13, 21, 27, 28, 34, 37, 42, 45-47, 55). However, despite 
recent advances, present understanding of the complex processes that occur in 
biofilms is incomplete. The presence of biofilms at the solid-water interface in 
virtually all systems allows them to impact the quality of water in the environment, 
regulate the behavior and fate of pollutants, enhance the resistance of infections to 
treatment, and, in short, have an effect on all ecosystems and the organisms that 
inhabit them (41). Concomitant with increasing recognition of the importance of 
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biofilms is the need for better investigational tools. Development and execution of in 
situ monitoring and characterization of biofilms is expected to be particularly powerful 
to address present and future needs. Towards this end, the research presented here 
demonstrates, for the first time, the use of ratiometric fluorescent silica nanoparticle 
sensors as tools for high resolution three-dimensional and time-domain functional 
fluorescence imaging of pH gradients in microbial biofilms. These nanoparticle 
sensors provide a minimally invasive route to quantitative chemical imaging with 
resolution limited only by the microscopy system in use. 
 
In order for nanoparticle sensor-based functional imaging of biofilms to work, the 
nanoparticle probes must intimately mix with, and stay in the extracellular matrix of 
the biofilm. Interestingly, through performing experiments with 70, 30 and 10 nm 
diameter silica particles, we found only the smallest bare C dot sensors provided the 
desired effective and homogeneous staining. There are several effects, which, by 
themselves or in combination could explain these observations. Gels of 
polysaccharides and fibrous proteins fill the intercellular spaces of biofilms. First, 
fluid gaps between these elements of the extracellular matrix could simply be too 
small for the bigger particles to penetrate. Second, it is expected that mixing between 
nanoparticles and polymer matrices is size dependent for entropic reasons. In fact, 
such entropic size dependencies have been theoretically predicted and experimentally 
observed (32, 52, 56). For mixing to occur, polymer chains must wrap around the 
nanoparticles, a process which becomes more entropically unfavorable as the particle 




Because polymer dimensions scale with only the square root of the number (N) of 
units constituting them (ideal case (10)) particle size quickly outgrows chain size. 
Plugging in relevant numbers for extracellular matrix polymer sizes (data not 
included) suggests that it is not unreasonable to expect the critical particle size for 
demixing to be between 10 and 30 nm. Third, the electrostatic repulsion between the 
negatively charged particle surfaces and biofilm extracellular matrix could cause a 
similar size-dependent effect. The electrostatic repulsion energy for particles of 
uniform surface charge scales approximately with the surface area of the particles 
(20), such that 70 nm diameter particles would experience a ~50-fold stronger 
repulsion than 10 nm diameter particles, making their inclusion into the biofilm much 
less favorable. While repulsive electrostatic effects will be partially screened by the 
ions in solution (e.g. 0.05M NaCl in LB) they may still affect the behavior at small 
length scales. Irrespective of which of these effects dominates the behavior, particle 
size becomes a critical design criterion for nanoparticle probes for biofilm 
interrogation. 
 
The dyes in the C dot sensors are shielded by the silica matrix from interactions with 
extracellular matrix components that can bias the results, which simultaneously 
renders the particles biocompatible for use in both prokaryotic and higher biological 
systems with minimal toxicity. The enhanced photostability of the silica-encapsulated 
dye molecules also facilitates high-resolution measurements in xyz and xy-time spaces 
without compromising sensitivity. Although the long wavelength photons used in 
multiphoton imaging give greater penetration depth than single photon imaging, for 
this work a dual-excitation, single-photon system was chosen to provide a large 
spectral separation between sensor and reference emissions. Several recent reviews 
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further elaborate on the relative merits of single and multiphoton imaging techniques 
(19, 57). 
 
The sensor/reference dye combination chosen for this work is well suited to the pH 
values in living biofilms, but other combinations can be synthesized to study 
environments with more extreme pH gradients such as microbial mats (53), insect 
midguts (3) and river sediments exposed to acid mine drainage (1). Substituting a 
fluorophore with a more acidic or basic pKa such as Oregon Green 514 or 
carboxynaphthofluorescein (4.8 and 7.6 respectively (18)) for fluorescein allows the 
linear range of the particles to be tailored. Moreover, by changing to other dyes, it is 
possible to quantitatively measure other variables of interest such as redox potential, 
oxygen status or concentration of ions such as Ca+2 and Mg+2 without significantly 
altering the particle architecture. Such nanoparticle probes, if designed appropriately, 
should provide powerful tools for future in situ monitoring and characterization of 
complex biofilms. 
 
Future work will explore the potential correlations between heterogeneities in pH (i.e. 
in mixed-culture biofilms) and the bacterial species present in those locations. This 
line of research can be carried out by fluorescence in situ hybridization (FISH) 
performed on the biofilms co-labeled with pH sensing C dots. This objective might 
also be pursued by staining of extracellular products with fluorescent lectins specific 
for the polysaccharides that are produced by the particular microorganisms which are 
being tested followed by concurrent imaging of the lectins and the sensor particles. 
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CHAPTER 3 
CURLI PRODUCED BY ESCHERICHIA COLI PHL628 PROVIDE 





Curli are amyloid extracellular fibers expressed by Escherichia coli and other bacterial 
species, and are involved in the colonization of inert surfaces, biofilm maturation, and 
mediate binding to a variety of host proteins.  In this study we examined the role of 
curli in the tolerance of Escherichia coli PHL628 to Hg(II). The PHL628 strain has a 
point mutation in the regulatory protein OmpR that results in overproduction of curli. 
Specifically, we evaluated the effect of curli on the resistance to Hg toxicity and 
whether Hg alters the induction of curli expression; furthermore, we assessed how the 
presence of curli altered Hg uptake and adsorption. Viable cell counts revealed that 
after exposure to Hg(II), curli-producing strains were more resistant than the curli 
deficient mutant (csgA-). Transcription of the genes encoding curli is known to be 
induced by some heavy metals, but we found no induction of a csgB-lux bioreporter 
after Hg(II) exposure. In cells harboring a merR-gfp bioreporter, higher fluorescence 
was measured in the csgA- mutant than in the wild type after Hg(II) addition, 
suggesting Hg(II) was more bioavailable. The kinetics of Hg(II) adsorption were also 
evaluated and revealed that curli increased the rate and extent of Hg(II) adsorption. 
Based on these findings we conclude that curli sorb Hg(II) and reduce the amount of 
Hg(II) that reaches the cytoplasm, acting as a temporary protective barrier for the cell. 
                                                 
2
 The contents of this chapter have been submitted for publication in Applied and Environmental 
Microbiology with co-authors X. Chen, A.G. Hay, and L.W Lion.  
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To our knowledge, this is the first time a protective role of curli against toxic 
transition metals has been demonstrated. 
 
Introduction 
Anthropogenic and natural activities produce elevated levels of heavy metals in the 
environment (6).  The U.S. Environmental Protection Agency’s Priority List of 
Hazardous Substances placed 12 heavy metals among its top 100 compounds and 
ranked mercury in the third place following arsenic and lead (14).  Mercury, to date, 
has no known biological function because its affinity to thiol compounds is so high 
that it disrupts protein structure and function.  Furthermore, Hg+2 is genotoxic because 
it also binds to nitrogen atoms in nucleic acids (18).  It is therefore a highly toxic 
element to all forms of life (23).  
Bacteria are involved in the global environmental cycling of mercury.  They both 
reduce Hg2+ to metallic Hg0, which is volatile and relatively inert, and methylate ionic 
Hg(II) in an enzymatic process that makes Hg more bioavailable and more toxic (24).  
The most thoroughly studied bacterial transformation of mercury is its reduction 
through enzymes encoded by the mer resistance operons.  These operons occur 
naturally in chromosomes, plasmids and transposable elements and are widely 
distributed among Gram-negative and Gram-positive bacteria.  Hg-resistant microbes 
are ubiquitous in natural habitats and are enriched in Hg-polluted sites (24).  The 
genes of the mer operon encode for proteins that transport the water-soluble, ionic 
Hg2+ into the cytoplasm in an energy-dependent manner.  Subsequently, mercuric 
reductases convert the divalent Hg2+ to Hg0, which is less toxic than Hg2+ and is also 
volatile.  Hg0 is then free to leave the cell by passive diffusion and volatilize from the 
growth environment (1). 
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Bacteria may also cope with heavy metal stress by actively exporting metal cations 
from the cytoplasm (31).  There are three types of export mechanisms currently known 
that carry on this efflux: P-type ATPases, CBA transporters, and the cation diffusion 
facilitator (CDF) family of transporters (19, 22, 29). However, other less understood 
mechanisms of tolerance are likely to exist. 
 
Curli are thin, aggregative, extracellular fibers that have been described in 
enterobacteria, including Escherichia, Salmonella and Citrobacter spp. (16). 
Interestingly, transcription of the genes encoding curli is induced by exposure to some 
heavy metals (25).  This type of amyloid fiber has also been found to be abundant in 
natural biofilms, particularly in oligotrophic environments (17, 20).  The genes 
responsible for the production of curli in E. coli are clustered in two divergent 
operons: the csgBA operon, which encodes the major structural subunit, CsgA, and the 
nucleator protein, CsgB; and the csgDEFG operon, encoding genes necessary for 
transcription regulation, export of the curli subunit, and stabilization of the fibers (10). 
Expression of these promoters is affected by several transcriptional regulators, among 
them rpoS, crl, hns and ompR (27, 28) and is sensitive to cell wall stress (13, 32). 
Given the recent work of Perrin et al. (25) who reported that sub-inhibitory 
concentrations of nickel can induce the synthesis of curli by E. coli, we wondered if 
curli might play a role in resistance to the deleterious effects of heavy metals. In this 
report, we describe the role curli play in alleviating Hg(II) stress and the impact of 






Materials and Methods 
 
Bacterial strains and media 
In this study, we used E. coli PHL628, a biofilm-forming K12 MG1655 derivative 
with a single point mutation that results in the replacement of a leucine by an arginine 
residue at position 43 in the regulatory protein OmpR (34).  The omp234 allele 
enhances curli gene expression and promotes biofilm formation (34).  Derivative 
strains and plasmids are listed in Table 1.  Cultures were grown in a glucose minimal 
medium (GMM) which contained per liter: 7 g K2HPO4, 2 g KH2PO4, 1 g (NH4)2SO4, 
200 mg MgSO4.7H20, 24 mg Ca(NO3)2.4H20 and 10 g glucose as the sole carbon 
source.  A 20 mM concentration of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid) (HEPES) was added to buffer the pH at 7.2; subsequently the medium was 
sterilized by filtration though a 0.2 µm membrane.  Water used for preparing GMM 
media, metal stocks and for acid-washing was purified by a Thermo Scientific Mega-
Pure System.  Bacteria were grown at 30º or 37ºC with rotary shaking at 150 rpm.  As 
required kanamycin (50 µg/mL), ampicillin (100 µg/mL), chloramphenicol (25 
µg/mL), tetracycline (10 µg/mL) and streptomycin (50 µg/mL) were added.  
Analytical grade NiCl2.6H20 and HgCl2 were obtained from Mallinckrodt. Stock 









Table 1. E. coli strains and plasmids used in this study  
Strains Relevant genotype Source or 
reference 
PHL628 MG1655 malA-kan ompR234; kanR 34 
PHL628 csgA- csgA-; kanR, cmR 32, 13 
S17-1 λpir; hsdR pro recA; RP4 2-Tc::Mu-




pBBR1MCS3 Broad-host-range cloning vector; tetR 15 
pBBR1MCS3:csgA pBBR1MCS3 with csgA gene insert; 
tetR  
This study 
pmerRFGP Hg-uptake reporter vector; ampR 9 
pNLP55 curli-transcription reporter vector with 
PcsgBAC::luxCDABE, kanR 
26 




Construction of pBBR1MCS3:csgA 
A 528 bp PCR product containing the entire csgA gene was amplified using E. coli 
PHL628 as a template and primers csgAFKpnI and csgARApaI (see table 2).  These   
primers contain KpnI and ApaI restriction sites respectively.  The PCR product and 
the vector pBBR1MCS3 (15) were digested for 2 hours at 37ºC with KpnI and ApaI 
restriction enzymes.  The ligation was performed for 12 hrs at 4ºC using T4 DNA 
ligase (Promega). The insertion was confirmed by PCR amplification with T7F and 
M13R and sequencing. All the transformations done for this work were conducted 
following the protocol described by Choi et al. (5).  
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Table 2. PCR primers used in this study 
Primer 
name 
Sequence (5’→ 3’) Source or 
reference 
csgAFKpnI GTTTCTGGTACCGCAAATGGCTATTCGCGTGACACA This study 
csgARApaI GTTTCTGGGCCCATTAGTACTGATGAGCGGTCGCGT This study 
T7F GTAATACGACTCACTATAGGGC Stratagene 
M13R AACAGCTATGACCATG Stratagene 
merF TTAAGGATCCCCTCATAGTTAATTTCT 9 
merR ATATCTCGAGCTAAGGCATAGCTGAC 9 
pNLP10F GCTTCCCAACCTTACCAGAG 26 




Cultures of PHL628 pBBR1MCS3, PHL628 csgA- and PHL628 csgA- 
pBBR1MCS3:csgA grown for 24 hours in GMM were spiked with varying amounts of 
Hg(II) and incubated. After 3 hours of incubation, dilutions of the cell suspensions 
were plated in triplicate and allowed to grow for 24 hours. Colony forming units 









The transcriptional activity of the csgB promoter was estimated from measurements of 
the luminescence of PHL628 pNLP55<TET-1> cells. The plasmid pNLP55, a kind 
gift of Prof. Raivio (University of Alberta, Canada) (26) contains the 
PcsgBAC::luxCDABE reporter, in which the entire intergenic region between the two 
curli operons was cloned in front of the luciferase genes, as well as a kanamycin 
resistance marker. However, because the PHL628 strain also contains a kanamycin 
resistance gene inserted in the malA locus of the chromosome, pNLP55 was 
mutagenized prior to the transformation of PHL628 in order to add a new selectable 
marker. Briefly, pNLP55 was mutagenized in vitro using the EZ-Tn5<TET-1> 
(Epicentre Biotechnologies, Madison WI) insertion kit. Following the mutagenesis, E. 
coli S17-1 cells were electroporated with the vector and transformants were selected 
on tetracycline and streptomycin and replica-plated on kanamycin plates. Colonies 
capable of growth on the tetracycline, streptomycin plates and unable to grow on the 
kanamycin plates were further screened by PCR using primers pNLP10F and 
pNLP10R.  The fidelity of the promoter region was confirmed via sequencing. Finally, 
disruption of the kanamycin resistance gene was confirmed by sequencing with 
primers TET-1 FP-1 and TET-1 RP-1, provided with the kit. pNLP55<TET-1> was 
then used to transform PHL628 cells.       
 
For analysis of csgB transcription the cells were grown at 30ºC in 0.25x Luria-Bertani 
broth supplemented with 0.1% mannitol containing a range of added Ni or Hg 
concentrations. The diluted LB medium was used instead of the defined GMM in 
order to be consistent with the work of Perrin et al. (25). OD600 and luminescence 
were measured at periodic intervals using a Bio-Tek µQuant spectrophotometer and a 
Packard LumiCount Luminescence Microplate Reader respectively. Triplicate samples 
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of each condition were prepared and the luminescence and OD600 values of the 
samples were averaged.  Finally the upregulation of curli production was reported in 
the form of specific activity: (Luminescence – Initial Luminescence)/ OD600. 
  
Hg uptake  
In order to test the hypothesis that curli act as a protective mechanism by preventing or 
retarding metal uptake cultures of PHL628 and PHL628 csgA- were transformed with 
pmerRGFP (Table 1) (9). Cultures of these strains were grown until early stationary 
phase at 30ºC in GMM and harvested. The bacteria were then exposed to varying 
Hg(II) concentrations after which the fluorescence and OD600 of the cultures was 
recorded at 15 minute intervals. Fluorescence and OD600 were measured with a Bio-
Tek Synergy HT spectrophotometer with a 485/20 excitation filter and a 530/25 
emission filter. For each condition, the fluorescence was divided by the OD600 in order 
to account for the variability in cell numbers. The results at 4 hours after the Hg 
addition were plotted versus Hg concentration.  
 
Hg adsorption  
Glassware used in this experiment was acid washed by soaking overnight in a 10% 
HNO3 trace metal grade bath and rinsed with MilliQ deionized water.  To minimize 
Hg(II) losses by adsorption to the walls, the Pyrex erlenmeyer flasks used for culturing 
were silanated using a 5% solution of dimethyldichlorosilane in carbon tetrachloride.  
Suspended cultures of E. coli PHL628 and E. coli PHL628 csgA- were grown in GMM 
at 30ºC to stationary phase. Aliquots of concentrated Hg solution were added to the 
cultures to yield total concentrations of 50 and 150 ppb Hg.  The cultures were kept at 
constant temperature (30°C) and continuously mixed on a shaker at 150 rpm.  At 
predetermined intervals (1, 2, 4, 8, and 24 h) aliquots were withdrawn and centrifuged 
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at 20,000 x g for 10 min. Soluble Hg concentrations were determined from the 
supernatants using a Bacharach Coleman model 50B analyzer system (Bacharach, 
Inc., Pittsburgh, PA) following a cold vapor atomic absorption method (12).  The 
OD600 of the cultures was also recorded. The amount of sorbed Hg was calculated 
from the difference between the total added and measured dissolved Hg concentrations 
after correction for background values. The adsorbed Hg per cell data was used to fit a 
model using OriginPro8 (Northampton, MA). Quantification of the difference in 
adsorption kinetics relative to curli was done by modeling the adsorption process as 
the first order differential equation: 
       





                                              Eq. 1
 
with solution: 
                                                      
)1()( * kteCtC −−=
                                                Eq.2                            
where,  
C = Hg concentration adsorbed to cells (ppb/OD) 
t = time (hrs) 
k = rate constant (hr-1) 
C* = Hg concentration adsorbed to cells at equilibrium (ppb/OD) 
 
 
Results and Discussion 
 
The research presented here was conducted with the purpose of evaluating the role 
curli play in binding Hg(II) and alleviating Hg(II) stress. We first evaluated the impact 
of Hg(II) on autoaggregation because cations can alter the total surface charge of 
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bacteria and thereby affect this property (7, 21, 30). Bacterial autoaggregation is a 
distinct phenotype that can be visualized macroscopically as flocculation and settling 
of cells in static liquid suspensions and is mediated by the expression of aggregation 
factors and surface structures like fimbriae, flagella, and curli (11, 33). As expected, 
the csgA- mutant stayed in suspension while the wild type settled; however, Hg(II) 
additions up to 300 ppb, which was the highest concentration that still permitted 
growth, did not alter settling (data not shown). This is likely because the concentration 
of mercury added was too low to significantly alter the surface charge. 
 
Having confirmed the phenotype of our strains, we tested whether curli provided 
protection from Hg(II). Stationary phase cultures were exposed to varying Hg 
concentrations and incubated in the presence of the metal (Figure 1). The decrease in 
colony forming units with increasing mercury concentration was more pronounced in 
the curli-deficient strain and restored by complementation of the deletion. This result 
led us to conclude that curli provide moderate protection against mercury toxicity. We 









Figure 1. Viability curves. Colony forming units of PHL628 pBBR1MCS3 (solid), 
PHL628 csgA- (dashed, small) and PHL628 csgA- pBBR1MCS3:csgA (dashed, big) 
exposed to Hg(II) divided by the colony forming units of unexposed cultures plotted 
versus Hg concentration in ppb. Cultures were grown for 24 hours at 30°C in GMM, 
spiked with Hg(II) and incubated for 3 additional hours before the dilutions were 






















Recently, it was reported that E. coli K12 strains exposed to subinhibitory 
concentrations of nickel upregulate curli production (25). This report led us to 
hypothesize that Hg might induce curli production and thereby protect the bacteria 
from the toxic effects of the metal. This hypothesis was tested using a csgB-lux 
bioreporter that was grown in the presence of nickel or mercury. After 14 hours of 
incubation, the upregulation of curli production, reported as luminescence specific 
activity, showed an increase of 95 fold and 60 fold in the presence of 50 µM (~2950 
ppb) and 100 µM (~5900 ppb) nickel, respectively (Figure 2A) relative to basal levels.  
Nickel at 200 µM (~11700 ppb) was inhibitory of growth.  In contrast to the results 
reported for nickel (25) and confirmed in Figure 2A, luminescence actually dropped in 
cultures exposed to Hg(II) when compared to the control (Figure 2B). Unfortunately, 
addition of Hg(II) at 400 ppb Hg(II) (2 µM) prohibited cell growth which precluded a 
direct comparison of the effect at equimolar concentrations. These results confirmed 
the prior report that sub-inhibitory concentrations of nickel result in an increase in the 
expression of the curli genes, but also demonstrated that mercury did not have such an 
effect. Hence, the possibility of a causal relationship between the transcriptional 
activation of curli genes and protection from exposure to heavy stress was discarded. 
Perrin et al. (25) also noted that magnesium additions also did not affect the 
expression of curli genes; therefore, it is possible that the effect of nickel on curli 







Figure 2. Induction of curli transcription by Ni and Hg. Luminescence specific 
activity (as defined by (Luminescence - Initial luminescence)/OD600) of PHL628 
pNLP55<TET-1> versus metal concentration (in ppb) of (A) Ni and (B) Hg at 14 
hours after inoculation. Cultures were grown in 0.25x LB supplemented with 0.1% 
mannitol and varying metal concentrations at 30°C. Error bars represent standard 

























































Next, we assessed the potential for curli to alter the uptake of Hg(II). Fluorescence 
may be used as a surrogate measurement for mercury uptake in cells harboring 
pmerRGFP because fluorescence is produced only when Hg(II) enters the cytosol (8). 
We tested the response of PHL628 and PHL628 csgA- harboring pmerRGFP to 
mercury spikes ranging from 0 to 600 ppb and found that the curli-deficient strain had 
a higher normalized fluorescence (Fluorescence/OD600) than the wild type strain over 
the range of concentrations tested (Figure 3). Several attempts at transforming cells 
harboring pBBR1MCS3:csgA with pmerRGFP proved unsuccessful, which was likely 
caused by plasmid incompatibility so unfortunately no uptake data could be obtained 
for the complement strain. The results with the other pmerRGFP reporters, however, 
support the idea that curli protect the bacteria from exposure to Hg(II) by reducing 
uptake. The simplest explanation for this result is that curli sequester the metal in the 
sheath they form on the outside of the cell, consequently preventing or delaying 









Figure 3. Hg uptake. PHL628 (dashed line) and PHL628 csgA- (solid line) cultures 
harboring pmerRGFP grown for 24 hours in GMM at 30°C were harvested and 
exposed to total Hg concentrations ranging from 0 to 600 ppb. Green fluorescence and 
OD600 of the cultures were recorded for the following 4 hours. For each condition, the 
fluorescence was divided by the OD600 and the resulting values from three 
independent experiments were averaged and plotted versus time. Error bars represent 



























To provide additional evidence in support of this hypothesis, and study the role of 
curli in Hg adsorption, we exposed stationary phase cells of PHL628 and PHL628 
csgA- to a total Hg concentration of 50 or 150 ppb and measured the amount of Hg that 
sorbed to the cells at 1, 2, 4 8 and 24 hours (Figure 4).  Quantitatively, these results 
indicate that curli speed up the kinetics of adsorption. More mercury adsorbed to cells 
with curli at equilibrium (see Table 3 and Figure 4) as would be expected if the curli 
provided additional surface area available for Hg(II) adsorption. The adsorption 
kinetics were modeled according to equation 2, and the rate constants and equilibrium 
concentrations obtained are shown in Table 3.  At 150 ppb Hg(II) the magnitude of the 
fitted rate constant was approximately 40% lower for the curli-deficient strain.  At 50 
ppb Hg, the rate constant was approximately 80% lower.  A more intuitive way of 
looking at this result is to calculate the time (t1/2) required to reach half of the adsorbed 
Hg equilibrium value (C*/2) (Table 3).   The presence of curli correlated with a t1/2 
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Figure 4. Hg adsorption kinetics to PHL628 strains at pH=7.2.  Suspended cultures of 
E. coli PHL628 and E. coli PHL628 csgA- were grown in GMM at 30ºC to stationary 
phase.  Aliquots of concentrated Hg solution were added to the cultures to yield total 
concentrations of 50 and 150 ppb Hg.  Aliquots were withdrawn at predetermined 
intervals and soluble Hg concentrations were determined.  Adsorbed Hg normalized 
by biomass was calculated as the difference between the total added and dissolved Hg 
concentrations and after correcting for background values it was divided by OD600 and 
plotted versus time.  The points indicate the means ± the standard deviation of 
duplicate samples; the lines represent the calculated fit. 
 56 













50, PHL628 2.00 0.30 95 2 0.35 
50, PHL628 
csgA- 
0.40 0.10 71 9 1.73 
150, PHL628  0.85 0.07 214 5 0.82 
150, PHL628 
csgA- 
0.52 0.09 186 12 1.33 
 
In this work we have shown that curli provide modest protection against mercury 
toxicity and appear to do so by sequestering the metal extracellularly, thereby reducing 
the amount that is bioavailable. This effect is likely a result of the increased curli-
associated extracellular surface area available for metal adsorption.  Curli have 
previously been shown to bind copper via a peptide repeat present in CsgA 
(QHGGGN) (4). Copper binding was assumed to be dependent on the imidazole 
moietie of the histidine residue in that motif. Given that Hg(II) is also known to form 
strong complexes with imidazole and histidine (3), it seems likely that the repeating 
QHGGGN motif also plays a role in the Hg-binding affinity we observed.   
 
The prevalence of curli in biofilms from natural habitats has been demonstrated (17). 
Also, curli have been demonstrated to be involved in adhesion to surfaces, cell 
aggregation, environmental persistence, and biofilm formation, and are the main 
components of the extracellular matrix of many Enterobacteriaceae (2). Here we 
propose that curli can provide protection from toxic metals by sequestering them and 
hindering their transport into the cytoplasm. This conclusion is based on the following 
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observations: 1) the wild type was more resistant to toxic mercury concentrations than 
curli-deficient strains (Figure 1), 2) the uptake of Hg(II) increased in the absence of 
curli (Figure 3), and 3) bacteria without curli adsorb less Hg than curli-forming 
bacteria (Figure 4). 
 
Taken together, our findings imply that Hg(II) is retained by sheath of curli fibers, 
reducing the concentration of mercury that reaches the cytoplasm and, as a result, 
provide protection to the cell from Hg(II) stress. This proposed mechanism will apply 
as long as there is an excess of curli adsorption sites to Hg. Once these sites are 
saturated, the protective effect of curli would disappear. To our knowledge, this is the 
first time that curli have been proven to protect bacteria from metal toxicity. Although 
more work is required in order to understand the exact mechanism of Hg(II) tolerance, 
the protective effect afforded by curli may be contribute to the widespread occurrence 
of these structures in enteric bacteria and environmental biofilms.  
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CHAPTER 4 
Hg(II) STRESS RESULTS IN UPREGULATION OF ARGININE 
BIOSYNTHESIS AND TRANSPORT IN ESCHERICHIA COLI MG1655 
 
Abstract 
A genome-wide transcriptional analysis was performed on Escherichia coli MG1655 
cells grown in a subinhibitory concentration of Hg(II). Microarray analysis revealed 
upregulation of genes involved in metal homeostasis and heat-shock proteins, known 
bacterial responses to heavy metal stress. In addition, upregulation of genes for 
arginine biosynthesis and transport was observed. Growth of E. coli in Hg(II) did not 
reveal increased resistance to Hg(II) toxicity when the medium was supplemented 
with arginine. The upregulation of an arginine transport gene, artJ, by Hg(II) was 
confirmed with an artJ-lux reporter. Furthermore, exposure of the bioreporter to Zn(II) 
and Cd(II) revealed that these transition metals also induce transcription of artJ. A 
merR-gfp bioreporter for intracellular Hg(II) showed that arginine supplementation did 
not alter Hg uptake. Taken together our results indicate that group 12(IB) elements 
may act to induce the synthesis and transport of arginine, but that arginine production 
is not a strategy for alleviating their toxicity. To our knowledge, this is the first time a 
transcriptomic assay on Hg(II)-exposed cells has been conducted.  
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Introduction 
Mercury and mercury derivatives are highly toxic to living organisms (44). Biotic and 
abiotic processes are involved in the cycling of Hg from soils and water to the 
atmosphere and back to the surface (3). One of the most important transformations of 
Hg(II) is its enzymatic methylation, which, in natural anaerobic environments, is 
mainly carried out by sulfate-reducing bacteria (10, 14, 15). In this reaction, soluble 
HgS is converted into methyl mercury (8), a potent neurotoxin that is bioaccumulated 
in the food web (3). 
 
Another biotransformation of Hg(II) is its reduction by bacteria harboring the mer 
resistance operons. This reaction is part of a mercury detoxification strategy in which 
gene products encoded by the operon transport Hg2+ into the cytoplasm where 
mercuric reductases reduce it to Hg0, a less soluble and therefore less bioavailable 
form (3, 44). The resulting Hg0, can then leave the cell by passive diffusion and, 
because it is volatile, be removed from the growth environment (44). The mer operons 
are widespread and have been found in chromosomes, plasmids and transposons of 
Gram-negative and Gram-positive bacteria of both clinical and environmental origin 
(3). Broad-spectrum resistance operons are less common, but also confer the ability to 
resist toxic organic mercurial compounds such as methyl mercury and phenyl mercuric 
acetate by reduction to Hg0 (9, 38, 41). 
 
A more general strategy that bacteria utilize to cope with heavy metal stress is to 
actively export metal cations from the cytoplasm (45). P-type ATPases, CBA 
transporters and the cation diffusion facilitator (CDF) family of transporters are three 
types of export mechanisms (27, 33, 43). It is possible that other metal resistance 
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mechanisms also exist. For example, it has recently been reported that curli, amyloid 
extracellular fibers expressed by Escherichia coli and other enterobacteria, protect the 
cell from Hg(II) stress by acting as an extracellular adsorptive barrier that can inhibit 
transport of Hg(II) into the cytoplasm (22).   
 
The purpose of this study was to utilize a genome-wide transcriptional analysis to 
determine how gene expression is affected by the presence of sublethal Hg(II) 
concentrations.  E. coli MG1655 was used as a test organism and microarray 
technology was employed to evaluate changes in gene expression.  Several prior 
studies have explored how E. coli responds to heavy metals such as cadmium (5, 21, 
48, 50), zinc (5, 26) and copper (25, 52) and investigations have also considered the 
effect of heavy metals on the transcriptome of environmentally relevant bacterial 
species (36, 45). A review by Hobman et al. (23) summarizes the known biological 
effects of metal ion stress with data from genome-wide transcriptional profiling from 
different bacteria responding to these exposures. Although the transcriptional 
responses of bacterial cells to metals can be wide-ranging, in general metal ion stress 
causes bacteria to regulate genes responsible for metal ion homeostasis, oxidative 
stress responses, membrane stress responses, and the expression of metal ion efflux 
systems (23).  
 
Amino acid synthesis pathways are also upregulated under many metal ion stress 
conditions. Hobman et al. (23) report that, in E. coli BW25113, Cu and Zn activate 
cysteine synthesis while Zn and Ni activate histidine synthesis (23). Wang and 
Crowley (48) observed the upregulation of cys genes responsible for cysteine 
biosynthesis in E. coli MG1655 after a Cd exposure. Lee et al. (26) report that in E. 
coli MG1655 cells exposed to Zn, argA and argI, genes that encode proteins in the 
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arginine biosynthesis pathway, as well as astA, a gene encoding a putative arginine 
transferase, were upregulated. Upregulation of arginine synthesis was also observed 
by Hobman et al. (23) after exposure to Ca(II) and to a lesser degree Fe(III). 
     
Real-time gene-expression profiles for E. coli MG1655 after a mercury or a 
mitomycin spike have been described by Onnis-Hayden et al (34).  For this study 93 
different promoters of stress-response genes were fused to a fast folding gfpmut2 to 
create a cell-array library.  Exposure to Hg(II) revealed a number of genes encoding P-
type ATPases and MerR family genes were upregulated and are hence presumed to be 
involved in mercury resistance. Particularly, the zntA gene which encodes a P-type 
ATPase known to transport the divalent soft-metals Pb+2, Cd+2, Zn+2 and Hg+2 (42) 
was upregulated in a concentration-sensitive manner. Relative to a traditional 
microarray, the approach presented by Onnis-Hayden et al. (34), has the advantage of 
allowing the recording of real-time change in gene-expression levels. On the other 
hand, this method can only analyze preselected genes. To the best of the authors’ 
knowledge the investigation reported here is the first transcriptomic analysis of E. coli 
cells grown in Hg(II).       
  
Materials and Methods 
 
Bacterial strains and media 
All experiments were carried out using E. coli strain MG1655 cells grown under 
aerobic conditions at 37°C. Liquid cultures were grown with rotary shaking at 150 
rpm in a glucose minimal medium (GMMI) which contained per liter: 7 g K2HPO4, 2 
g KH2PO4, 1 g (NH4)2SO4, 200 mg MgSO4.7H20, 24 mg Ca(NO3)2.4H20 and 10 g 
glucose as the sole carbon and energy source. A 20 mM concentration of 4-(2-
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hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) was added to buffer the pH 
at 7.2; subsequently the medium was sterilized by filtration though a 0.2 µm 
membrane. Glucose minimal medium II (GMMII) was prepared following the same 
procedure but 11.7 g/L (200 mM) NaCl was also added prior to sterilization. Water 
used for preparing GMM media and metal stocks was purified by a Thermo Scientific 
Mega-Pure System. As required, kanamycin (50 µg/mL) and ampicillin (100 µg/mL) 
were added. Analytical grade HgCl2 was obtained from Mallinckrodt and used to 
prepare stock solutions which were acidified with a 70% concentration of trace metal 
grade HNO3 to obtain a final 2% concentration of HNO3.   
  
Transcriptional profiling experiments 
The culture conditions used in this study were as follows: a single colony was isolated 
from overnight culture on Luria-Bertani (LB) agar plates and inoculated into 5 mL of 
fresh GMMI.  The overnight liquid culture was used as inoculum for fresh media 
(GMMI or II as indicated) and placed in 125 ml flasks. Aliquots of the HgCl2 stock 
solution were added to achieve final concentrations of 0.00, 0.12, or 0.14 µM. All the 
liquid cultures used for this research were incubated at 37°C with rotary shaking at 
150 rpm. Cell growth was monitored by harvesting 1 mL samples and placing them in 
1 mm gap cuvettes. The optical density (OD600) of the samples was measured at 600 
nm using an Eppendorf Biophotometer spectrophotometer. 10 hours after incubation, 
3 mL of culture were harvested in RNA Protect (QIAGEN) to stabilize the RNA. Total 
RNA was purified by using a QIAGEN RNeasy Mini kit as recommended by the 
supplier and RNA quality was assessed using an Agilent RNA 6000 Nano Kit with the 
Agilent 2100 Bioanalyzer.  For each condition, samples were grown in triplicate and 
RNA from the different flasks individually analyzed. Synthesis of cDNA and 
application to the microarray were performed following the standard Affimetrix 
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protocol (Affimetrix Inc., Santa Clara, CA) for prokaryotic RNA. In this method, ds-
cDNA is generated from 10 µg total RNA and labeled terminally with biotin. The 
arrays were scanned by GeneChip Scanner 3000. 
 
The raw array data was processed by Affymetrix GCOS software to obtain detection 
calls and signal values. Further data analysis was performed using R statistical 
package (http://www.r-project.org/). The signals were log2-transformed after offset by 
8.  Gene filtering was applied to include only 6835 probe sets having at least 2 present 
call in the data set for further analysis. Two sample t tests were applied on the 
normalized log ratio of each probe set to evaluate differential gene expression between 
Hg(II)-treated versus untreated samples. Genes were considered to be differentially 
regulated if the P value was <0.05 and the absolute change (n-fold) was >1.5. cDNA 
synthesis, hybridization, scanning and data analysis were performed by the DNA 
Microarray Facility in the Life Sciences Core Laboratories Center at Cornell 
University.   
   
 
Thermodynamic speciation 
Mercury speciation in GMMI and II was calculated using the chemical equilibrium 
software MINEQL+ Version 4.5 (Environmental Research Software, Hallowell, ME) 
(40).  The system was modeled as strictly aerobic (pe=10), open to the atmosphere 
(log PCO2= -3.50) and with an ionic strength of 0.12 M and 0.32 M for GMMI and 
GMMII respectively. The pH was fixed at 7.2. Hg(II) speciation was calculated for 
two levels of chloride (0 and 200 mM) and is summarized in Table 1. Stability 
constants missing from the MINEQL+ database were obtained from Martell and 
Smith’s Critical Stability Constants (31).   
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Table 1. Calculated speciation of main dissolved Hg(II) species in glucose minimal 




(as a percent of total Hg) 
GMMI 0 Hg(NH3)2+2       99.3% 
Hg(OH)2           0.7% 
GMMII 200 HgCl2              16.3% 
HgCl3-               33% 
HgCl4-             50.7%            
 
Genetic methods  
The ∆artJ::KanR mutation was transferred from E. coli strain BW25113 (1) to 
MG1655 by phage P1 vir transduction as described by Miller (32). Colonies resistant 
to kanamycin were selected and the mutation was confirmed by PCR amplification 
with primers internal and external to artJ (Table 2).  Complementation of the mutant 
was achieved by transformation with the plasmid pNT3:artJ (39) followed by 
selection on kanamycin and ampicillin plates. Induction was achieved by adding 
isopropyl β-D-1-thiogalactopyranoside (IPTG) at 1 mM. Plasmid pmerRGFP (19) was 
used to transform MG1655 cells.  All the transformations performed for this work 








Table 2. PCR primers used in this study 
Primer name Sequence (5’→ 3’) Source or 
reference 
artJF int  TTTCAGCCATTCGTTTACCACCGC This study 
artJR int  TTCAGCCACCTATCCACCCTTTGA This study 
artJF ext GCGGCTTCAGATTGCTGACAAAGT This study 
artJR ext CGGCGAAATTAATGTGGCTGCGTA This study 
pNLP10-F GCTTCCCAACCTTACCAGAG This study 
pNLP10-R CACCAAAATTAATGGATTGCAC This study 
DC393f GGAATTCCGGACAACCCACTAAGTTG Caldara, 2007 
DC394r CGGGATCCTTATGATTTTTGGCCGTG Caldara, 2007 
 
A PartJ-lux transcriptional lux reporter fusion was constructed by inserting the 
promoter-operator region PartJ in vector pNLP10 (37). PartJ was obtained as an 
EcoRI-BamHI, 124 bp long fragment by PCR amplification using E. coli MG1655 as 
a template and the  primer pairs DC393f and DC394r designed by Caldara et al. (6). 
The PCR product and the vector were digested for 2 hours at 37°C with the restriction 
enzymes and ligated for 12 hours at 4°C. The insertion was confirmed by PCR 
amplification with primers pNLP10-F and pNLP10-R, which amplify the MCS region 
of pNLP10 (37). Subsequently the PCR product was purified and sequenced. All the 
primers used in this research are listed in table 2 and the strains and plasmids are in 






Table 3. E. coli strains and plasmids used in this study  
Strains Description Source or reference 
MG1655 F-, λ-, rph-1 Laboratory 
collection 
BW25113 ∆artJ::KanR Baba, 2006 
MG1655 artJ- F-, λ-, rph-1, ∆artJ::KanR This study 
JA200 F+ thr-1, leu-6, DE(trpE)5, recA, 
lacY, thi, gal, xyl, ara, mtl 
Saka, 2005 
Plasmids 
pmerRFGP Hg-uptake reporter vector; AmpR Hakkila, 2002 
pNLP10 Low copy-number vector with 
promoterless luxCDABE operon, 
KanR 
Price, 2009 
pNLP10:PartJ::luxCDABE pNLP10 with PartJ::luxCDABE, 
KanR 
This study 
pNT3:artJ Low copy-number, IPTG inducible 
vector containing the entire artJ 




Induction of arginine uptake by Hg(II), Zn(II) and Cd(II)  
MG1655 pNLP10:PartJ-lux was grown in GMMI with arginine added at 
concentrations ranging from 0 to 10-2 M. Aliquots of Hg(II) were also added at 
subinhibitory concentrations ranging from 0 to 1.5x10-6 M. OD600 and luminescence of 
the cultures were measured over time using a Bio-Tek µQuant spectrophotometer and 
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a Packard LumiCount Luminescence Microplate Reader respectively. Triplicate 
samples of each condition were prepared and the luminescence and OD600 values of 
the replicate samples were averaged.  Finally the transcriptional activity of the artJ 
promoter was quantified as relative luminescence units (RLU)/OD600. The experiment 
was repeated adding Zn(II) at 10-4 M and 3x10-4 M or Cd(II) at 3x10-4 M instead of 
Hg(II) and arginine at 0, 10-6 and  10-3 M.    
 
Growth curves in the presence of arginine and Hg(II) 
An overnight GMMI culture of MG1655 was diluted 1:100 into fresh media. Aliquots 
of this suspension were placed in 50 mL sterile tubes and supplemented with arginine 
concentrations ranging from 10-7M to 10-3 M. The cultures were also grown in the 
presence of Hg(II) at 1.5x10-6 M . A control culture with no added Hg(II) or arginine 
was also examined. OD600 was measured at periodic intervals by retrieving 200 µL 
aliquots and placing them in a 96-well microtiter plate; readings were made with a 
Bio-Tek µQuant spectrophotometer. MG1655 artJ- and MG1655 artJ- pNT3:artJ 
were also grown as described above and their OD600 recorded.  
 
Hg uptake  
A culture of MG1655 pmerRGFP was grown in GMMI. 10 hours after inoculation 
arginine was added to achieve final concentrations of 0, 10-7, 10-5, 10-4 and 10-2 M to 
aliquots of the culture. Hg(II) was also added at 0, 0.25x10-6, 0.5x10-6 and 10-6 M. 
OD600 and green fluorescence were recorded using a Bio-Tek Synergy HT 
spectrophotometer, with a 485/20 excitation filter and a 530/25 emission filter for 
fluorescence measurements. Each condition was performed in triplicate. Fluorescence 
was normalized diving by the corresponding OD600 of each culture.  
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Results and Discussion 
In this study E. coli MG1655 was grown in a defined glucose minimal medium 
(GMM) at two different Cl- concentrations: 0 (GMMI) and 200 mM (GMMII). 
Mercury was added at 0, 0.12 and 0.14x10-6 M Hg(II) (Figure 1). The speciation of 
mercury in the different media was calculated and is shown in Table 1. In the absence 
of chloride the speciation is dominated by the positively charged Hg(NH3)2+2. At 200 
mM Cl-, the speciation becomes dominated by the negatively charged complexes 
HgCl4- and HgCl3- which account for approximately 51 and 33% of the total mercury 
added respectively. The neutral complex HgCl2 accounts for the remaining 16%.     
 
The transcriptomic response of E. coli in these different media was examined because 
a consensus within the scientific community has not been reached on the cellular 
mechanisms responsible for Hg uptake. One suggested mechanism for Hg uptake is 
via passive diffusion of nonionic Hg complexes such as HgCl20 and Hg(OH)20 (2, 4, 
13, 18, 29). A second hypothesis is that import of Hg(II) occurs by facilitated uptake 
and is therefore mediated by a cellular protein and independent of Hg speciation (16, 
17, 24). In this study a Hg(II) concentration of 0.14x10-6 M inhibited cell growth in 
GMMII (200 mM Cl-); however, the same Hg concentration was only mildly toxic in 
GMMI (0 Cl-). Hence, our cell growth data shows that Hg toxicity is dependent on 
metal speciation and is consistent with prior reports of diffusive uptake of neutral 
Hg(II) species such as HgCl2.   
 
RNA for transcriptional analysis was extracted from cultures grown at 0 and 0.12x10-6 
M Hg(II) in GMMI and II at 10 hours after inoculation, during mid-log phase. Table 4 
lists the top 15 genes with mRNA levels increased by a factor of more than 1.5 in the 






Figure 1. Growth curves of cultures used for transcriptional profiling. E. coli MG1655 
cells were grown in GMMI (dashed lines) or GMMII (solid lines) at 0, 0.12 or 0.14 
µM Hg(II). RNA was extracted at the 10-hour point for the cultures grown in GMMI 
at 0 (♦) and 0.12 µM Hg(II) (■) and in GMMII at 0 (◊) and 0.12 µM Hg(II) (□). Error 


























Among the upregulated genes is zraP, which has also been shown to be induced by 
Zn(II) and by Pb(II) (28). The gene product of zraP is a periplasmic protein involved 
in zinc homeostasis (28). This is an expected result given that metal ion stress is 
known to induce the expression of metal homeostasis systems (23). More specifically, 
the detoxification of Hg by a Zn efflux pump has been reported by other laboratories 
(35) and is reasonable given that both Zn and Hg are group 12(IB) elements. 
 
The gene encoding for the heat shock protein IbpB was also found to be upregulated 
when the bacteria were grown in Hg(II). Induction of heat shock proteins upon Hg 
exposure has been previously observed (35). Hg is a thiophilic metal and once it enters 
the cells it will coordinate to the sulfur-containing side chains of cysteine and 
methionine and cross-link thiol groups (23). This reaction results in the distortion of 
protein structure; therefore, the upregulation of chaperones that assist in the assembly 
and folding of proteins is expected (23). It is noteworthy that in the research reported 
by Onnis-Hayden et al. (35), neither zraP nor ibpB were preselected for assessment of 
their response to Hg. Other genes upregulated in the presence of Hg are shown in 











Table 4. Top 15 genes whose mRNA levels displayed >1.5 fold increase for at least 
one of the two media after the addition of 0.12x10-6 M Hg(II) (P<0.05) 






ibpB Heat shock protein  2.02 2.16 
ygaW Putative inner membrane protein 1.77 0.70 
rpmE L31 protein subunit of the ribosome 1.71 1.34 
slp Slp (starvation lipoprotein) is believed to take 
part in acid resistance. 
1.53 0.96 
yjbE YjbE may be involved in biofilm formation. 1.53 1.21 
zraP Periplasmic protein involved in zinc 
homeostasis. ZraP binds zinc and, to a lesser 
extent, cobalt and cadmium.   
1.31 3.62 
fecD Integral membrane protein part of the iron 
dicitrate ABC transporter. 
1.02 1.52 
fldA FldA is a flavodoxin, a small, acidic electron 
transfer protein. 
1.01 1.56 
argD ArgD catalyzes the amination step in lysine, 
ornithine, and arginine biosynthesis. 
1.0 3.01 
artJ Component of the arginine ABC transporter.  
L-arginine is the natural substrate for ArtJ. 
0.92 4.13 
argB Catalyzes the second step in ornithine and 
arginine biosynthesis. 
0.88 2.39 




Table 4. (continued)  






argF Subunit of ornithine carbamoyltransferase that 
catalyzes the sixth step in arginine biosynthesis. 
0.69 3.76 
carB Subunit of carbamoyl phosphate synthetase 
which catalyzes reactions in the biosynthesis of 
pyrimidine nucleotides and arginine. 
0.63 2.01 
cvpA Membrane protein required for colicin V 
production. 
0.57 2.00 
a Fold change refers to growth in GMMI relative to growth in GMMI + 0.12x10-6 M  
Hg(II) 
b
 Fold change refers to growth in GMMII relative to growth in GMMII + 0.12x10-6 M 
Hg(II) 
 
Upregulation of several arginine biosynthesis genes was also observed in the presence 
of Hg(II) (Table 4). Closer inspection reveals that these enzymes are active in the 
arginine biosynthesis pathway I, a linear pathway that has been identified in the 
Enterobacteriaceae (12) and other bacterial families (20, 46, 47, 51). The biosynthesis 
of arginine in this pathway begins with glutamate, which is acetylated to N-acetyl-
glutamate (NAG) by the enzyme NAG synthase, encoded by the argA gene. In the 
following three steps NAG is converted to N-acetyl-ornithine. Removal of the acetyl 
group by the enzyme acetylornithine deacetylase, encoded by argE, results in L-
ornithine. This intermediary is then combined with carbamoyl phosphate to form 
citrulline, which is converted by a two step process into L-arginine (12). Additionally, 
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arginine may be acquired via the ArtPMQJI arginine transporter, a member of the 
ATP-binding cassette (ABC) transporter superfamily (30). Arginine transport and 
biosynthesis pathway I are depicted in figure 2; the enzymes whose genes were 
upregulated in the Hg(II)-treated cultures are shown in bold. 
 
One of the arginine metabolism genes that was upregulated in the Hg(II)-exposed 
cultures was artJ. In E. coli, ArtJ is located in the periplasm and hybridization studies 
indicated that L-arginine is the natural substrate for ArtJ (49). Overexpression of ArtJ 
resulted in stimulation of arginine uptake (49). Moreover, the amount of ArtJ found in 
the periplasmic extracts of E. coli was strongly reduced in bacteria grown with excess 
arginine (49). For the research presented here, we obtained E. coli argB, carB and artJ 
knockout mutants. Unfortunately, the argB and carB knockout mutants were not 















Figure 2. Arginine biosynthesis pathway I (b
IMAGE?type=PATHWAY&object=ARGSYN
encased in an oval. Enzymatic complexes are further enclosed in a dashed
Enzymes of genes upregulated during growth on Hg(II) are shown in bold.
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To our knowledge, there are no previous reports on the upregulation of arginine 
metabolism as a result of the exposure to Hg(II). We initially hypothesized that E. coli 
induces arginine acquisition and biosynthesis genes because complexation of the 
Hg(II) by arginine reduces the concentration of bioavailable Hg and thus results in a 
reduction of the toxic effects of Hg. Growth curves in GMMI supplemented with 
arginine concentrations ranging from 0 to 10-3 M and Hg(II) at a concentration of 
1.5x10-6 M revealed that the presence of arginine did not result in increased Hg(II) 
tolerance (Figure 3A). Growth curves for the artJ knockout and the complement strain 
(Figures 3B and 3C respectively) confirmed that presence of arginine in the medium 
did not alleviate the toxic effects of Hg(II). The absence of the arginine transporter 
ArtJ did not alter the sensitivity to Hg(II). These results indicate that the upregulation 

















Figure 3. Growth curves for E. coli MG16155 strains in Hg(II) and arginine. (A) 
MG1655, (B) MG1655 artJ- and (C) MG1655 artJ- pNT3:artJ in GMMI at 0 and 1.5 
µM Hg(II).  Solid lines indicate the cells were grown in the basic medium, dashed 
lines indicate the bacteria were grown with an arginine supplement as indicated 
(where, for example, 1E-7 represents 1 x 10-7, and Arg. stands for arginine). Error bars 
represent the standard deviation of triplicate samples. Figures 3B and 3C are shown on 
























1.5E-6 M Hg, 1E-7 M Arg.
1.5E-6 M Hg, 1E-5 M Arg.
1.5E-6 M Hg, 1E-4 M Arg.







Figure 3.  (continued) Growth curve for (B) MG1655 artJ- and (C) MG1655 artJ- 





































The artJ-lux reporter results confirmed that arginine transport is upregulated in the 
presence of mercury in GMMI. As shown in figure 4A, increasing concentrations of 
mercury result in an increase in the specific luminescence (RLU/OD600). Also, as 
expected, the specific luminescence decreases with increasing arginine concentration. 
Since artJ was upregulated in the presence of Hg(II) but arginine did not seem to 
protect the cells from Hg toxicity, we considered the possibility that arginine is 
complexed by Hg(II), rendering it unavailable and that E. coli then upregulates 
arginine biosynthesis and transport to supply needed arginine residues. Under this 
scenario exposure of the cells to the other group 12(IB) metals (Zn and Cd) should 
also result in upregulation of artJ because these metals should have a similar affinity 
for the amino acid as Hg. This hypothesis was tested by growing the artJ-lux reporter 
in the presence of Zn(II) and Cd(II) at subinhibitory concentrations (Figure 4B and 4C 
respectively). An increase in the luminescence/cell correlated with an increase in the 
metal concentration. This observation is consistent with the proposed model, i.e. that 
the increment in the level of expression of artJ with increasing group 12(IB) transition 
metal concentration is a result of the decrease of bioavailable, un-complexed arginine 








Figure 4. Luminescence/OD600 of the artJ-lux reporter versus metal concentration. 
Bacteria were grown in the presence of (A) Hg(II), (B) Zn(II) and (C) Cd(II) and 
varying concentrations of arginine. The results show how the specific luminescence 
increases with increasing metal concentration and decreases with increasing arginine 
concentration. Error bars represent standard deviation of triplicate samples. Figures 4B 

































Figure 4. (continued) Luminescence/OD600 of the artJ-lux reporter versus metal 
concentration. Bacteria were grown in the presence of (A) Hg(II), (B) Zn(II) and (C) 












































A complementary approach used to test our hypothesis was to measure the uptake of 
Hg(II) in the presence of arginine. For this, E. coli K-12 MG1655 bacteria were 
transformed with pmerRGFP (Table 3) (19), a plasmid in which the reporter gene 
(gfp) is controlled by a mercury (mer) responsive regulatory unit. Fluorescence in 
transformed cells may be used as a surrogate measurement for mercury uptake 
because fluorescence is generated only when Hg(II) enters the cytoplasm (16). The 
mer-gfp reporter bacteria were grown and shocked with Hg(II) in media containing 
varying concentrations of arginine and the fluorescence and OD600 were measured. 
Figure 5 shows that the specific fluorescence (Fluorescence/OD600) increased with 
increasing mercury concentration. However, for any given mercury concentration, the 
presence or absence of arginine did not alter the specific fluorescence.  
 
The specific fluorescence data is consistent with our observation, based on cell growth 
curves, that arginine did not influence mercury toxicity. However, the result would 
only be consistent with the proposed effect of Hg on arginine uptake via arginine 
complexation if arginine speciation was primarily in the form of Hg complexes. 
Speciation calculations performed using the stability constants reported by Martell and 
Smith (31) indicate that mercury concentration was not dominated by complexation 
with arginine, even at a high molar ratio of Hg to arginine. Furthermore, the speciation 
of arginine in the medium showed that in an aquatic, aerobic and pH-neutral 
environment, arginine speciation is dominated by protonated arginine species. 
Specifically, in GMMI the (H2Arg)+ and HArg complexes account for approximately 
99% and 1 % of the total arginine respectively. This result is independent of arginine, 
mercury or chloride concentration and is explained by the fact that guanidium, the 
arginine side chain, has a relatively high pKa (approximately 12.5) (11). The net free 
energy cost associated with proton dissociation from the guanidium group is very 
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high; therefore, this amino acid is not ordinarily considered an effective metal ligand 
(11, 53). Based on this data it would appear that the mechanism of the effect of Hg on 
upregulation of genes for arginine transport does not involve Hg complexation of 
arginine.   
 
Since Hg does not interfere with the extracellular speciation of arginine, the remaining 
role it may play is through interfering with the proteins involved in making arginine 
available to the cell. For example it is possible that Hg(II) binds with the ArtJ 
transport protein and directly acts to interfere with the cellular supply of arginine. Hg 
interference with ArtJ would likely result in the observed upregulation of genes for 
arginine transport and synthesis. 
 
In conclusion, our transcriptome assay of E. coli MG1655 cells exposed to a 
subinhibitory Hg(II) concentration showed a strong upregulation of arginine 
biosynthesis and uptake genes. Additional research showed that arginine does not 
reduce Hg toxicity or uptake and that other group 12(IB) transition metals also induce 
artJ transcription. Based on our results, we speculate that the mode of Hg(II) 
interaction with E. coli that elicits upregulation of the gene that codes for the ArtJ 
arginine transport protein, may be through Hg binding with the ArtJ transport protein. 











Figure 5. Hg uptake in the presence of arginine. MG1655 pmerRGFP cells were 
grown in GMMI and shocked with Hg(II) at 0, 0.25, 0.5 or 1E-6 M Hg(II). They were 
also supplemented with arginine at concentrations ranging from 0 to 10-2 M arginine. 
The results show how the presence of arginine did not alter Hg uptake. Data 4 hours 
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The main conclusions stemming from the research reported in this thesis are:  
 
• Ratiometric fluorescent silica nanoparticle sensors may be used for high 
resolution three-dimensional and time-domain functional fluorescence imaging 
of pH gradients in microbial biofilms. Particle size is a critical design criterion 
for nanoparticle probes for biofilm interrogation. 10 nm particles were 
successfully incorporated into biofilm matrices. Within a biofilm, pH 
microenvironments develop after the addition of a carbon source.  
 
• Cells capable of synthesizing curli fibers are more resistant to toxic Hg(II) 
concentrations than curli-deficient strains. Curli interfere with Hg(II) uptake by 
slowing its internalization. Curli-forming bacteria adsorb more Hg(II) and at a 
faster rate than bacteria without curli. Hg(II) does not induce the transcription 
of curli genes.  
 
• Exposure to subinhibitory concentrations of Hg(II) results in the upregulation 
of arginine biosynthesis and transport genes. Arginine uptake does not reduce 
Hg(II) toxicity or uptake. Zn(II) and Cd(II) also induce transcription of artJ, a 






In the second chapter of this dissertation the research conducted on the morphology 
and temporal evolution of pH microenvironments in E. coli PHL628 and mixed-
culture wastewater biofilms using C dot sensors is described. This novel technique 
allowed the observation, in real time, of the development of pH gradients within the 
bacterial biofilms after a glucose overlay.  
 
This investigation may be taken one step further with the development of C dots that 
allow the simultaneous detection of metal ionss and pH in a minimally intrusive 
manner in live, hydrated biofilms. These sensors would be a valuable tool because pH 
is one of the main variables that determine metal speciation. Furthermore, metal 
toxicity usually correlates with the concentration of free metal cations so the proposed 
sensors would permit the investigator to determine the relationship between pH, metal 
speciation and biomass activity within a biofilm.  
 
During the course of this research I observed that in the mixed-culture biofilm, 
different topographic morphologies were associated with areas of high or low pH. 
Therefore, another interesting approach in which this project could be pursued would 
be to use combined imaging techniques to simultaneously identify bacterial groups 
and pH within defined consortia biofilms. This type of research might be carried out 
by imaging C dot sensors concurrently with fluorescence in situ hybridization (FISH) 
probes or fluorescently labeled lectins. This protocol could aid in the identification of 
bacterial species or bacterial groups responsible for lowering or increasing the pH in 




The third thesis chapter describes the research that was done to assess the effect that 
curli have on Hg toxicity, uptake and adsorption. This work showed that curli provide 
modest protection against mercury toxicity, probably by sequestering the metal 
extracellularly and therefore reducing the amount that is bioavailable. It is likely that 
the shielding effect of curli is a result of the increased curli-associated extracellular 
surface area available for metal adsorption. Furthermore, the protection afforded by 
curli may result from Hg(II) binding to the histidine residue present in the peptide 
repeat (QHGGGN) encoded by csgA.  
 
To fully understand the mechanism of Hg(II) tolerance it would be necessary to 
demonstrate the direct binding of Hg(II) by the peptide repeat of the CsgA protein. 
This may be achieved using circular dichroism (CD) spectroscopy because Hg(II) 
binding by the peptide should alter the visible and UV regions of the CD spectra. 
Moreover, analysis of the CD spectra could yield information about the stoichiometry 
of the binding reaction. Ultimately, this would allow the estimation of the total Hg(II) 
binding capacity of curli. 
 
The effect of Hg on the transcription of curli encoding genes was also evaluated as a 
part of this research. Using a csgB-lux reporter, it was demonstrated that exposure to 
Hg(II), as opposed to Ni(II), does not result in the upregulation of curli synthesis 
genes. However, it is reasonable to presume that nickel, like mercury, is sequestered 
extracellularly by the curli. Under that assumption, a curli-deficient (csgA-) strain 
would be expected have a higher intracellular concentration of nickel than the wild 
type, under equal total nickel concentrations. This hypothesis could be tested by 
evaluating the responsiveness of the csgB-lux reporter to nickel in a csgA- strain and 
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comparing it to the wild type. If in the csgA- strain lower concentrations of nickel are 
required to produce a similar specific luminescence signal than in the wild type strain, 
it might be concluded that some of the nickel is bound by the curli. With this 
experiment, the observation that curli adsorb Hg(II) could be generalized to Ni(II). 
Alternatively the adsorption of Ni(II) by curli could be directly measured by atomic 
absorption spectrometry.  
 
The fourth chapter of the dissertation describes a genome-wide transcriptional analysis 
of E. coli MG1655 cells exposed to Hg(II). The results revealed the upregulation of 
arginine biosynthesis and transport genes upon Hg(II) exposure. Additional work led 
me to conclude that Hg(II) does not interfere with the extracellular speciation of 
arginine and that arginine does not protect the bacteria from the toxic effects of Hg(II). 
A possible explanation for the upregulation of arginine biosynthesis and transport 
genes is that Hg interferes with one of the enzymes in the arginine biosynthetic 
pathway. An initial experiment that may be conducted to test this hypothesis would be 
to grow the bacteria in a minimal medium supplemented with 14C-glutamate (the 
arginine precursor) and all the amino acids save for arginine. The cells could be 
harvested after 10 or 12 hours of growth and lysed. Thin layer chromatography (TLC) 
followed by autoradiography of the lysates should reveal arginine and its metabolic 
intermediates on the gel. By comparing the lysates of cells exposed to Hg(II) to  
unexposed ones it should be possible to identify whether there accumulation of a 
particular intermediate. This would be an indication that Hg(II) is interfering with the 




The microarray analysis also revealed that zraP, a gene that encodes a periplasmic 
protein involved in zinc homeostasis is upregulated after a Hg(II) exposure. It has 
been reported that transcription of zraP is induced by Pb(II) and Zn(II) so it is 
reasonable to presume that Hg(II) also induces the transcription of zraP. This 
hypothesis may be tested by constructing a zraP reporter where induction of zraP 
would result in the production of some measurable signal, such as fluorescence or 
luminescence. zraP induction by Hg(II) could be confirmed if exposure of the 
bioreporter to Hg(II) results in an increase of the signal. Establishing correlations 
between Hg and Zn homeostasis might also be possible, for example, by testing if 
bacteria overexpressing zraP or if a zraP knockout are, respectively, more or less 
resistant to Hg(II) than the wild type. Furthermore, exposure to concentrations of 
Zn(II) or Pb(II) that induce zraP and that are subinhibitory should also result in 




 CYSTEINE INDUCES Hg(II) UPTAKE BUT REDUCES ITS TOXICITY TO 




The effect of cysteine on Hg(II) toxicity and bioavailability was tested. My results 
indicate that cysteine increases the uptake of Hg and that it also reduces Hg(II) 
toxicity. These results are consistent with a model in which a Hg-cysteine complex is 
more readily imported into the cell than the Hg(NH3)2+2 complex which dominates Hg 
speciation in the absence of cysteine. Furthemore, an Hg-cysteine complex would 
have decreased affinity to bind other thiols within the cytoplasm, thus decreasing its 
toxicity to the cell. A fliY- mutant, deficient in the cystine uptake protein FliY, proved 




Mercury is a highly toxic metal that is found both naturally and as an introduced 
contaminant in the environment (7). The strong thiophilicity of mercury results in its 
coordination to the sulfur-containing side chains of cysteine and methionine and in the 
cross-linking of thiol groups, thereby disrupting protein structure and function (21). 
Nonetheless, the toxicity of mercury is determined, in great part, by the form in which 
it is present (26). For example, the organometallic compound methylmercury, 
CH3Hg+, is a potent neurotoxin that may be accumulated in the food web leading to 
adverse health effects on wild life and humans (17, 19). Biotic methylation of mercury 
in the environment is carried out by sulphate-reducing bacteria (6, 9) and other 
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anaerobes, such as iron-reducers (8, 13). On the other hand, Hg(II) may be reduced by 
bacteria harboring the mer resistance operons as a part of a detoxification strategy. In 
this reaction the gene products encoded by the mer operon transport ionic Hg2+ into 
the cytoplasm where mercuric reductases will reduce it to Hg0, a volatile, less 
bioavailable form (2, 26). Given that bacteria may transform this hazardous pollutant 
into more or less toxic forms, a thorough understanding of the interactions between 
bacteria and mercury is of fundamental importance.  
 
It has recently been reported that mercury methylation by the anaerobic bacterium 
Geobacter sulfurreducens is greatly enhanced in the presence of the amino acid 
cysteine (24). The goal of the work presented here was to assess the effect that 
cysteine would have on Hg(II) toxicity and uptake in an aerobic medium using the 
model bacterium Escherichia coli MG1655. 
 
E. coli MG1655 harboring the pmerRGFP vector (11), a Hg(II) uptake reporter, was 
grown under aerobic conditions at 37°C in a glucose minimal medium (GMM) 
containing 7 g K2HPO4, 2 g KH2PO4, 1 g (NH4)2SO4, 200 mg MgSO4.7H20, 24 mg 
Ca(NO3)2.4H20, and 10 g glucose per liter. This solution was buffered with 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) at pH = 7.2. After 12 hours 
of growth, the bacteria were centrifuged and resuspended in fresh media that was 
supplemented with enough cysteine to achieve concentrations ranging between 10-6 
and 10-3 M. Hg(II) was added to a final concentration of 0 or 1.5x10-7 M. Fluorescence 
and optical density at 600 nm (OD600) were recorded using a Bio-Tek Synergy HT 
spectrophotometer. Figure 1A shows the results 4 hours after the Hg(II) and cysteine 
addition and indicates how incubation in the presence of cysteine enhances the 
Fluorescence/OD600 signal. In these cells fluorescence may be used as an indicator of 
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mercury uptake because the fluorescent signal is only generated when Hg(II) enters 
into the cytoplasm (10); therefore, it may be concluded that the presence of cysteine 
results in an increase of Hg(II) uptake. Other amino acids (arginine, leucine, histidine) 
and carbon sources (acetate) were tested for fluorescence induction, but only cysteine 
showed the inductive effect (Figure 1B).     
 
The behavior observed in figure 1A is similar to the one reported by Shaefer et al. (24) 
for the measurement of mercury methylation rate versus cysteine concentration. The 
authors proposed that cysteine is complexed by Hg(II). When the experiment was 
repeated in the presence of Cl-, a competing ligand, they observed that Cl- additions 
reduce Hg methylation rates. This was attributed to Cl- outcompeting cysteine for the 
Hg, thereby preventing the formation of Hg-cysteine complexes. The sudden drop in 
Fluorescence/OD600 that occurs at 1 mM cysteine (Figure 1A) was also observed by 
Schaefer and Morel as a decrease in the methylation rate (19) and likely results of the 









Figure 1. Cysteine induction of Hg(II) uptake. (A) Fluorescence/OD600 of E. coli 
MG1655 pmerRGFP cells induced with 0 (+) or 1.5x10-7 M Hg(II) (◊) in the presence 
of varying concentrations of cysteine. (B) Fluorescence/OD600 after a 1.5x10-7 M 
Hg(II) spike in media supplemented with the compounds indicated. The data shows 
















































































































































We assessed the formation of a Hg(II)-cysteine complex by calculating the 
thermodynamic speciation of mercury in GMM using the chemical equilibrium 
software MINEQL+ Version 4.5 (25). Missing stability constants from the MINEQL+ 
database were added as required (4, 16). The calculation showed that in GMM, Hg 
speciation is dominated by the Hg(NH3)2+2 complex which accounts for 99% of the 
total Hg added.  However, any cysteine added will complex the Hg and form 
Hg(Cys)2-2. Ultimately, if enough cysteine is available, 100% of the Hg added will be 
present in the Hg(Cys)2-2 form.     
 
MerR is a dimeric, DNA-binding protein that regulates expression of the mer operon 
genes (2). The apo-MerR sits on the promoter/operator region of the operon and 
blocks access to the RNA polymerase, thereby repressing transcription (23). Addition 
of Hg(II) results in a conformational change of MerR that allows the polymerase to 
initiate transcription (23). MerR is a highly sensitive receptor that responds to 
nanomolar intracellular concentrations of Hg(II) (22). Each monomer of MerR has 
three of its four cysteine residues available for Hg(II) binding at the high-affinity 
binding site (12). In the plasmid pmerRGFP transcription of the reporter gene, gfp is 
regulated by MerR (11). Because of its higher affinity for Hg(II), MerR should be 
capable of pulling the Hg(II) from the Hg(Cys)2-2 complex. In this manner, induction 
of fluorescence can be achieved by the Hg(Cys)2-2 complex.  
 
To test the effect of cysteine on Hg(II) toxicity, the bacteria were grown in GMM 
supplemented with cysteine at 0, 10-6, 10-5 and 10-4 M and exposed to a suite of Hg(II) 
concentrations that ranged from 0 to 5x10-6 M. A time point at stationary phase for the 
growth curve is shown in Figure 2. This graph demonstrates how supplementation 






Figure 2. Growth curves for E. coli MG1655 in Hg(II) and cysteine. OD600 versus 
Hg(II) concentration for a culture of E. coli MG1655 grown in GMM and 
supplemented with cysteine at 0 (◊), 10-6 (■), 10-5(▲) or 10-4 M (●) cysteine. The 
data shows a point in the stationary phase of the growth, 20 hours after inoculation. 
Error bars represent the standard deviation of triplicate samples. 






















Kinetic studies have shown that E. coli may actively transport L-cystine by either a 
high or a low affinity uptake system (3, 15) that are distinguishable on the basis of 
specificity and affinity for substrate. FliY is a  periplasmic (20), cystine-binding 
protein (5) that comprises the high affinity cystine uptake system (20). The gene fliY, 
which encodes for this protein, is located within fliAZY, an operon related to flagella 
synthesis, but has been shown to have its own internal promoter (27) and its 
overexpression does not affect motility (20). To date, the low-affinity cystine uptake 
system has not been identified in the genome. 
 
To gain further insight into the relationship between Hg(II) and cysteine we obtained a 
fliY mutant. The ∆fliY::KanR mutation was transferred from E. coli strain BW25113 
(1) to MG1655 by phage P1 vir transduction as described by Miller (18). After 
selection on kanamycin, the mutation was confirmed by PCR amplification with 
internal primers FliYF (5’-TCACTGCTTTCAGCAGGTCCTCAT-3’) and FliYR (5’-
ACATCTGGGACGTCAGGCATTGAT-3’), and external primers Ext-FliYF (5’-
TCTGCCGCGAGAAATTCCAGCTTA-3’) and Ext-FliYR (5’-
TTACCGCATCGCGTTACGGAAGTA-3’). The wild type strain and the fliY- mutant 
were grown in GMM with Hg(II) at 0, 5x10-7 and 1.5x10-6 M. Figure 3 shows that fliY- 
is more sensitive to Hg(II) than the wild type, as a concentration of 1.5x10-6 M Hg(II) 

















Figure 3. Growth curves of E. coli MG1655 and MG1655 fliY- in Hg(II) and cysteine. 
OD600 versus time for a culture of E. coli MG1655 (wild type, wt) (solid figures and 
lines) or MG1655 ∆fliY::KanR (fliY-) (dashed lines, empty figures) grown in GMM 
and Hg(II) at 0 (rhombus), 5x10-7 (square) or 1.5x10-6 M (circle). Error bars represent 
the standard deviation of triplicate samples. 

















5E-7 M Hg(II), wt
1.5E-6 M Hg(II), wt
0 fliY-
5E-7 M Hg(II), fliY-
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In summary the results obtained are: 1) cysteine increases Hg(II) uptake, 2) cysteine 
reduces Hg(II) toxicity, 3) a reduced capacity for cysteine uptake results in increased 
Hg(II) sensitivity. Together, the data indicates that the Hg(Cys)2 complex is more 
readily taken up by the cell, resulting in an increase in the specific fluorescence of a 
mer-gfp reporter. However, this complex appears to be less toxic than Hg(II) in other 
forms perhaps because it is less available for attack on other intracellular thiols. 
Absence of the FliY protein results in increased Hg(II) sensitivity. More experiments 
should be conducted to determine if the FliY protein is responsible for transporting the 




In order to obtain a more thorough understanding of the relationship between Hg, 
cysteine and their interactions with E. coli the following experiments are proposed:  
  
• To create a fliY complement strain as well as a fliY overexpressing strain. 
Complementation of the fliY gene in the fliY- mutant should restore resistance 
to Hg(II) to wild type levels. Moreover, a strain that overexpresses fliY should 
be more resistant to Hg(II) than the wild type since higher intracellular 
concentrations of cysteine would be available to prevent Hg(II) caused 
toxicity.  
 
• To create a fliY- pmerRGFP strain and repeat the induction experiment. If FliY 
transports cysteine exclusively and not the Hg-cysteine complex, the specific 
fluorescence of fliY- should be similar to that of the wild type. However if FliY 
does transport the Hg-cysteine complex, then the fliY mutant will show a 
reduction in fluorescence.   
 
 
These recommended experiments would confirm that FliY provides the cell with 
cysteine, which reduces Hg(II) toxicity but that it is not responsible for transporting 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 2: 
FUNCTIONAL TOMOGRAPHIC FLUORESCENCE IMAGING OF pH 





Supplementary Figure 1. Photobleaching characterization of C dot sensors compared 
to free dye. (a) A comparison of free Cy5 dye (dark red) to Cy5 in C dot sensor 
particles (light red) showing the increased photostability of the dye upon encapsulation 
in the silica matrix under illumination by a 4.5 mW excitation source. (b) A 
comparison of free fluorescein isothiocyanate dye (FITC, dark green) to FITC in C dot 
sensor particles (light green) showing the increased photostability of the dye upon 
encapsulation. In all imaging performed in this study, the excitation power and 













Supplementary Figure 2. Concentration-dependent growth curves for E. coli and 
mixed cultures. Demonstrates the minimal perturbations induced in the microbial 
environment by addition of 10 nm diameter bare silica sensors (filled) and 10 nm 
diameter bare silica particles without dye (outline) at 18 and 50 nM in E. coli (blue) 











Supplementary Figure 3. Spectrofluorometric Calibration of C Dot Sensors. (a) 
sensor and (b) reference emission spectra upon excitation at 488 and 633 nm, 
respectively in calibration buffers of varying pH. (c) plot of pH versus peak intensity 
ratio (Fi = IFITC/ICy5) and (d) a modified Henderson-Hasselbalch analysis (Eq. 1) of the 











Supplementary Figure 4. Time-resolved in situ pH measurements in biofilms. pH 
imaging post injection of 90 mM glucose to biofilms to E. coli PHL628 at 0, 30, 60 





















Polymer-Particle Size Calculations 
 
Using dextran as a model extracellular polysaccharide, the root mean square (RMS) 
endto-end distance for a polymer chain can be calculated based on the relationship 
shown in Equation S1, where R0 is the RMS end-to-end distance, ak is the Kuhn length 
of the polymer and Nk is the number of Kuhn segments in a polymer of a given 
molecular weight. 
                                                  .                                             Eqn. S1 
The number of Kuhn segments can be determined from the contour length of the 
polymer divided by the Kuhn length as shown in Equation S2, where M is the molar 
mass of the polymer chain in question, M0 is the monomer molar mass and L0 is the 
length of a single monomer. 
                                                                  ..                                           Eqn. S2 
Thus, R0 can be determined for various molecular weight polymers by Equation S3. 
                                                        .  ..                                             Eqn. S3 
Using literature values for the properties of dextran as a model system, assuming 
molecular weight values from 10kDa to 100kDa as representative of the highly 
polydisperse matrix material that forms a biofilm, the results are as follows: 
LO Dextran = 0.41 nm   RO 10KDa = 3.9 nm 
aK Dextran = 0.60 nm   RO 100KDa = 12.4 nm                 Eqns. S4 
MO Dextran = 162.14 g/mol    
Thus, sensor particles with ~10nm diameter would be much more likely to be well 
solubilized by the extracellular polymers of a biofilm than would 30-70nm particles, 
for which the entropic penalty would likely result in exclusion from the film. 
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Matlab Files  
(background, calibration, volumetric and time-resolved m-codes) 
 
%Background image analysis and averaging of WW Image Settings 041608 
%for Leica Confocal Images 512x512 12-bit 
%ww Image Settings => PMT2=X, PMT3 = X 
%input = images 
%output = averages & standard deviations of whole images 
% averaged images 
 
%read in filenames 
filesg = dir('*backgd *00.tif');  % green images from ch00 









%read in images 
for k=1:numel(filesg); 
    c=double(imread(filesg(k).name)); %read in green image files 
    cg=cg+medfilt2(c);   %add up pixel values after 
%median filtering (remove high 
%variance noise) 
    c=double(imread(filesr(k).name)); 
    cr=cr+medfilt2(c); 
end 














%Calibration Analysis for WW8 Imaging Settings 
%for Leica Confocal Images 512x512 12-bit 
%WWImage Settings 
%ww Image Settings => PMT2=X, PMT3 = X 
%input = images 
%output = averages & standard deviations of different pH calibration solns 
%         averaged ratiometric images 
 
%set zeros 
cg=double(zeros(512,512));   %holder for green, 
bg=double(zeros(512,512));   %background for green 
cr=double(zeros(512,512));   %holder for red 
br=double(zeros(512,512));   %background for red 
c=double(zeros(512,512));   %intermediate result file 
CavgWW8=double(zeros(1,19));   %average 
CstdevWW8=double(zeros(1,19)); %stdev over average image 
Cmax=double(zeros(1,19)); %max of each ratio image 
Cmin=double(zeros(1,19));  %min of each ratio image 
j=0;k=0;a=0;ratio=0;   %index counters & various variables 
 
%Read in filenames 
filesg=[dir('*phlow*ch00*.tif'),dir('*ph01*ch00*.tif')...dir('*phhi*ch00*.tif')]; 
%green files from ch00 
filesr=[dir('*phlow*ch01*.tif'),dir('*ph01*ch01*.tif')...dir('*phhi*ch01*.tif')]; 
%red files from ch02 
bg=double(imread('bgWW8g.tif'))/16; %read in background green 
br=double(imread('bgWW8r.tif'))/16; %read in background red 
 
 120 
%Read in images 
for a=1:19; 
    j=20-a; j %show counter progress (adjust for # calib 
points) 
    cg=double(zeros(512,512)); %re-zero green before each image read sequence 
    cr=double(zeros(512,512)); %re-zero red before each image read sequence 
    c=double(zeros(512,512)); 
    for k=1:3 
 c=double(imread(filesg(k,j).name)); % read in green images 
 cg=cg+medfilt2(c)-br;  %add successive green images and 





    end 
%Math on images 
cg=cg/3;  %divide by number of added images 
cr=cr/3; 
c=medfilt2(cg./cr); %determine pixel-wise ratio 
Cmax(1,j)=max(max(c)); Cmin(1,j)=min(min(c)); 
%Upconvert and export images 
ratio=Cmax(1,15)/64000; %upconversion ratio number calculated from max of 
highest pH sample 
imwrite(uint16(c/ratio),sprintf('calWW8_ph%02d.tif',j)); %output calibration 
images 
%Avg & Stdev 
c=c(isfinite(c)); 
CavgWW8(1,j)=mean(reshape(c,numel(c),1)); %determine average value  
                                           across 
     %ratiometric image and add to          
     array 
CstdevWW8(1,j)=std(reshape(c,numel(c),1)); %determine standard dev across rat. 
                                           %image and add to array 
end 
 
%Volumetric Image Analysis for WW8 Imaging Settings 
%for Leica Confocal Images 512x512 12-bit 
%%ww Image Settings => PMT2=X, PMT3 = X 
%input = images 
%output = averages & standard deviations of different pH calibration solns 
% averaged ratiometric images 
%This file is for non-z-series data as it averages over all images (which 
%are assumed to be coplanar) 
 
%set zeros 
cg=double(zeros(512,512));  %holder for green 
bg=double(zeros(512,512));  %background for green 
cr=double(zeros(512,512));  %holder for red 
br=double(zeros(512,512));  %background for red 
c=double(zeros(512,512));  %intermediate result file 
j=0;k=0;a=0;ratio=0;   %index counters & variables 
 
%Read in filenames 
filesg = [dir('*ch00*.tif')]; 
%green files from ch00 
filesr = [dir('*ch01*.tif')]; 





bob = double(zeros(512,512)); 
avgg = double(zeros(numel(filesg),1)); 
avgr = double(zeros(numel(filesg),1)); 
ratio=X;    %upconversion ratio number calculated 
%from max of highest pH sample 
%Generate pH scalebar 
bob = double(zeros(512,10)); 
blank = bob; 
for i = 1:41 
    for j=1:11 
 bob((12*i+j),:) = (3.9+0.1*i); 







%Read in images 
    for a=1:numel(filesg); 
a %show counter progress 
cg=double(zeros(512,512)); %re-zero green before each image read sequence 
cr=double(zeros(512,512)); %re-zero red before each image read sequence 
c=double(zeros(512,512)); 
c=double(imread(filesg(a).name)); 
cg=medfilt2(c)-bg;   %add successive green images 
%and subtract avg background 
c=double(zeros(512,512)); 
c=double(imread(filesr(a).name)); 
cr=medfilt2(c)-br;   %add successive red images 





%Math on images 
for j=1:512 





if (r > threshold) && (b>0) 
   % Analysis of green 1 channel vs red 1 channel gives: 
   % 
 
   c(j,k) = Slope*log(b) + Intercept; 
   %r 
    else 
   c(j,k) = 0; 
   %k 
end 
    end 
end 
 






%Time-resolved Image Analysis for WW8 Imaging Settings 
%for Leica Confocal Images 512x512 12-bit 
%WW8 Image Settings 
%ww Image Settings => PMT2=X, PMT3 = X 
%input = images 
%output = averages & standard deviations of different pH calibration solns 
%         averaged ratiometric images 
%This file is for non-z-series data as it averages over all images (which 
%are assumed to be coplanar) 
 
%set zeros 
cg=double(zeros(512,512));  %holder for green 
bg=double(zeros(512,512));  %background for green 
cr=double(zeros(512,512));  %holder for red 
br=double(zeros(512,512));  %background for red 
c=double(zeros(512,512));  %intermediate result file 
j=0;k=0;a=0;ratio=0;   %index counters & variables 
bob = double(zeros(512,10)); 
blank = bob; 
 
%Read in filenames 
filesg = [dir('*t00*ch00*.tif'), ... dir('*tfinal*ch00*.tif')]; 
%green files from ch00 
filesr = [dir('*t00*ch01*.tif'), ... dir('*tfinal*ch01*.tif')]; 
%red files from ch01 
bg=double(imread('bgWW8g.tif')); 
br=double(imread('bgWW8r.tif')); 




%Read in images 
for j=1:numel(filesg(1,:)); 










   end 
%Math on images 
cg=cg/numel(filesg(:,j)); cr=cr/numel(filesg(:,j)); 
for i=1:512 





if (r > threshold/10) && (b>0) 
    % Analysis of green 1 channel vs red 1 channel gives: 
   c(i,k) = slope*log(b) + intercept; 
else 
   c(i,k) = 0; 
   %k 
end 
   end 
end 
 CmaxEC1(j)=max(max(c)); CminEC1(j)=min(min(c)); 
 %convert to pH 
 
%Upconvert and export images 
     ratio=X; 
for l = 1:41 
for m=1:11 





%Avg & Stdev 
CmedianWW(j)=mean(nonzeros(c)); 
stdevWW(j)=std(nonzeros(c)); 
end 
